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ABSTRACT 
 
 
Geologic Mapping, Alluvial Stratigraphy, and Optically Stimulated Luminescence 
Dating of the Kanab Creek Area, Southern Utah 
 
by 
 
 
Michelle Carlene Summa, Master of Science 
Utah State University, 2009 
 
 
Major Professor: Tammy M. Rittenour 
Department: Geology 
 
 
At the turn of the century, Kanab Creek incised 30-meters into its alluvium, 
leaving behind fluvial terraces and thick basin fill sediments exposed along 
arroyo walls.  Research objectives were to determine the timing and causes of 
past valley-filling and arroyo-cutting episodes along a 20 km-long reach of Kanab 
Creek in southern Utah.  Fluvial deposits were mapped at the 1:12,000 scale and 
sediments were described and dated using Optically Stimulated Luminescence 
(OSL) and radiocarbon dating.  
 The Kanab Creek valley can be divided into a narrow, upper terraced 
reach and a broad lower basin fill reach near Kanab, Utah.  The most prominent 
terrace in the upper reach is Quaternary alluvial terrace 4 (Qat4), followed by 
Qat3, Qat2/3, and Qat2 map units.  These are composed of tabular-bedded, fine-
grained sand, silt, and clay layers.  The Qat2/3 map unit is a both a fill and fill-cut 
terrace underlain by Qa4, Qa3, and Qa2 alluvium and is used when the Qat3 fill-
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cut (fill-strath) terrace can not be differentiated from the Qat2 fill terrace due to 
their similar geomorphic position.  The Qat3 fill-cut terrace upstream correlates to 
~8 meters of aggradation downstream.  The youngest terrace, Qat1, is a minor 
terrace, composed of coarse-grained channel facies.  More recent channel and 
floodplain deposits were deposited over the last century following arroyo cutting.  
 OSL and radiocarbon results suggest at least four cycles of fluvial cutting 
and filling: >6-3.5ka (Qa4), ~3->1ka (Qa3), 0.7-0.12ka (Qa2), and post-1880 AD 
(Qa1).  Correlation to regional climate records suggests major periods of 
aggradation correlate to regionally cooler and wetter climatic intervals.  Periods 
of arroyo cutting occurred at >6ka, ~3ka, 1-0.7ka, and during historic arroyo 
cutting (1882-1914 AD), and correlate to regionally warmer, drier intervals.  
These periods of aggradation and incision are roughly contemporaneous with 
regional drainages, except for the large aggradation seen in Kanab Creek 6-
3.5ka (Qa4).  Analysis of terrace longitudinal profiles indicates Qat4 has the 
lowest concavity suggesting that Qat4 aggraded during a period of greater 
sediment supply and/or reduced flood regime.  Although OSL samples exhibited 
some degree of incomplete zeroing, calculated ages using a minimum age model 
are consistent with radiocarbon results.   
(183 pages) 
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CHAPTER I 
INTRODUCTION 
 
 
 The Colorado Plateau providence in the western United States is 
characterized by its high elevation and largely undeformed strata.  Drainage 
integration off the Colorado Plateau and along its margins has driven landscape 
erosion and created the canyons and mesas characteristic of this region.  
Hillslope sediment production is high due to low vegetation density, thin soils, 
and easily erodible bedrock.  Fluvial incision into thick alluvial deposits has 
created the arroyos characteristic of the region.   
 In the late 19th and early 20th centuries (~1860-1910 AD, Hereford, 2002), 
many fluvial systems in the desert Southwest began to rapidly incise into their 
alluvial valleys forming entrenched, vertical-walled channels up to 10s of meters 
deep, termed arroyos.  The abrupt transition from gently graded, meandering, 
perennial streams to incised, ephemeral channels left many historical settlements 
perched above local river channels.  These newly formed arroyos deepened 
during successive floods, and then experienced renewed sedimentation in the 
arroyo bottoms after the mid 1900s AD (Graf, 1987; Webb et al., 1991).  Kanab 
Creek, in southern Utah, is a classic example of a 30-meter deep arroyo cut into 
fine-grained alluvium and is the focus of this master’s thesis (Figure 1).  Although 
the Historic arroyo cutting is well-documented, the older paleo-arroyo record 
which is preserved in alluvial deposits along Kanab Creek is not. 
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N 
Figure 1:  Location of the Kanab Creek arroyo in the Southwestern US 
relative to the Colorado Plateau.  Black star is Kanab, UT, with the outline 
of the drainage basin within the Plateau.  Upper left picture is looking west 
across the main arroyo just north of the town Kanab, UT, off US Highway-
89.   
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Significance of the Research 
 
 Kanab Creek is a unique place to study arroyo processes because of the 
impressive scale of aggradation and incision recorded in the 30-m arroyo walls 
along Kanab Creek.  This very dynamic system has unparalleled exposure of 
sediments along the arroyo walls, which is necessary for understanding the 
stratigraphic architecture of Kanab Creek alluvium.  In addition, the fine-grained 
alluvial deposits along Kanab Creek are ideal for collection of samples for 
Optically Stimulated Luminescence (OSL) (Huntley et al., 1985) dating and 
sediments contain ample charcoal for 14C dating.  The suitability of the alluvial 
deposits for geochronologic sampling and extensive exposures allows for 
systematic collection of samples and development of a robust chronology.  In 
addition the fluvial deposits in Kanab Creek allow for comparison between OSL 
and radiocarbon dating techniques.  The alluvial stratigraphy and geochronology 
from Kanab Creek will be integrated to provide a detailed chronostratigraphy for 
these fluvial deposits.   
The extensive nature of the terraces along Kanab Creek allows for 
geomorphic analysis of terrace deposits and calculation of concavity changes in 
the river’s longitudinal profile through time.  The ability to track concavity changes 
over time is a significant contribution to arroyo studies because it highlights the 
importance of changes in concavity during fluvial incision.   
This research is a USGS-EDMAP project in collaboration with the Utah 
Geological Survey.  It will provide the public with a 1:12000-scale map of the 
surficial deposits along the Kanab Creek corridor near the town of Kanab, Utah.  
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This is a large-scale map when compared to 1:24000 smaller-scaled geologic 
maps.  It is important for highlighting geologic hazards, such as continued 
erosion and collapse of the nearly vertical arroyo walls, which may lead to the 
demise of large structures and roads proximal to the Kanab Creek arroyo.   
 
Objectives 
 
The purpose of this study is to determine the timing of channel filling and 
arroyo cutting episodes along Kanab Creek through stratigraphic descriptions 
and geomorphic correlation of fluvial sediments, within a well-defined 
geochronologic framework.  The first objective is to map and describe the fluvial 
deposits along a defined section of the Kanab Creek alluvial corridor in Kane 
County, Utah.  The second objective is to reconstruct the alluvial history of Kanab 
Creek, providing insight into cycles of aggradation and incision.  The third 
objective is to determine if the Kanab Creek alluvial record correlates with other 
regional arroyo, fluvial, and/or paleoflood studies.  If correlations exist, within 
dating error, then it is possible that all drainages are responding to a similar 
external, environmental change.  Correlation to regional climate records will help 
identify any links between fluvial dynamics in Kanab Creek and climate change.  
 
Concepts 
 
 Previously proposed mechanisms for fluvial incision and aggradation are 
related to flood frequency and hillslope sediment production.  Fluvial aggradation 
typically represents a period of greater hillslope contribution to the fluvial system, 
and/or a reduction in the flood regime (Bull, 1991).  It has been proposed that 
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cooler and wetter climate conditions result in increased hillslope sediment 
production and hillslope sediment storage in the southwestern US due to 
increased chemical and physical weathering and soil accumulation (Bull, 1991).  
At transitions to drier conditions, Bull (1991) proposed that these hillslopes are 
stripped of their soil mantle due to the reduction of vegetation, and in response, 
fluvial aggradation occurs.  Alternatively, Hereford (2002) proposed that fluvial 
incision occurs during times of increased flood frequency and magnitude, and/or 
reduced hillslope sediment contribution.  Although changes in hillslope sediment 
production and discharge characteristics occur on glacial-interglacial timescales 
(as proposed by Bull, 1991), it may be possible that these hillslope-fluvial 
interactions occur at sub-Holocene (millennial) timescales.  Such changes in 
sediment supply and discharge may have driven arroyo cutting and filling events 
recorded in Kanab Creek alluvium and other regional drainages. 
 
Kanab Creek Drainage 
 
Kanab Creek is a north-south trending catchment that drains part of the 
classic Grand Staircase landscape of the west-central Colorado Plateau (Figure 
1).  The Grand Staircase is characterized by southward facing escarpments 
separated by broad terrace slopes that are controlled by the differences in the 
Paleozoic and Mesozoic strata.  Cliff forming steps of the Grand Staircase from 
north to south (youngest to oldest) within the Kanab Creek drainage are: the 
Tertiary Pink Cliffs Claron formation (50-60 Ma), the late Jurassic Gray Cliffs 
Carmel formation (~200 Ma), the Jurassic White Cliffs Navajo formation (200-
220Ma), the Triassic Vermillion Cliffs Kayenta formation (~230 Ma), and the 
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Permian Chocolate Cliffs Moenkopi and Kaibab formations (250-270 Ma).  The 
generally flat lying bedrock of these cliffs ranges from limestone to sandstone, 
spanning marine to desert to lacustrine environments (Doelling, 2008).   
The following geologic description for the Kanab Creek drainage was 
largely adopted from work by Sable and Hereford (2004) and Doelling (2008).  
Kanab Creek heads in the Cretaceous limestone strata of the Pink Cliffs on the 
western edge of the high Paunsaugunt Plateau, at the southwestern border of 
Bryce Canyon National Park (Figure 2a).  Steep, first order tributaries converge 
with Kanab Creek in a small alluvial valley nestled in the Alton Amphitheater near 
Alton, UT (Figure 2a).  Here, Kanab Creek is a single threaded channel than has 
incised into its alluvial fill.  As the Creek meanders south in an incised, narrow 
alluvial channel through the Skutumpah terrace, it crosses Quaternary vents and 
basalt flows (Figure 2b).  The Skutumpah terrace is the late Jurassic Temple Cap 
Sandstone formation which is the top of the Navajo Sandstone White Cliffs.  
Further south Kanab Creek cuts through the Jurassic Navajo Sandstone, as it 
flows through the White Cliffs, and becomes a single-threaded bedrock stream.  
As the Creek exits the White Cliffs, the canyon walls widen slightly, increasing 
the accommodation space for alluvium.  Here, the channel becomes sand 
bedded, likely due to the abundance of eolian dune material capping the red 
member of the Navajo Sandstone (Plates 1 and 2).  It has deeply incised into its 
alluvial fill, leaving behind three fluvial terraces.  Kanab Creek continues south 
where it exits the Vermillion Cliffs, composed primarily of lower Jurassic/upper 
Triassic Kayenta formation, near the town of Kanab, UT (Sable and Hereford,  
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Figure 2:  Kanab Creek watershed.  A) DEM of watershed from the 
Pausaugant Plateau in Utah to its mouth at the Colorado River in Grand 
Canyon, Arizona.  B) Part of the 1:100,000-scale Geologic Map of the 30’x 
60’ Quadrangle, Kane and Washington Counties, Utah (Doelling, 2008). 
Black rectangle in both is extent of the field area. 
 
A) 
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Creek watershed.  A) 
DEM of watershed 
from the Pausaugant 
Plateau in Utah to its 
mouth at the Colorado 
River in Grand 
Canyon, Arizona.  B) 
Part of the 1:100,000-
scale Geologic Map of 
the 30’x 60’ 
Quadrangle, Kane 
and Washington 
Counties, Utah 
(Doelling, 2008). 
Black rectangle in 
both is extent of the 
field area. 
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2004; Doelling, 2008).  The stretch of river from where US- 89 crosses the Creek 
to the town of Kanab, UT is the main arroyo.  There are few to no terraces 
preserved in this geomorphic reach.  From Kanab, UT to south of Fredonia, AZ, 
Kanab Creek is an incised arroyo that flows through a wide alluvial valley 
afforded by the Chinle and Moenkopi formations (Figure 2a).  South of Fredonia, 
where the Creek enters the North Rim of the Grand Canyon, it descends into a 
narrow canyon down to the Colorado River in western Grand Canyon.  Here, 
Kanab Creek becomes a meandering bedrock river deeply incised into Permian 
Kaibab Limestone, the Permian/ Pennsylvanian Supai Group, and finally the 
Mississippian Redwall limestone (Reynolds, 1988) (Figure 3).  The total drainage 
area for Kanab Creek is 6,013 km2, and its entire length is ~200 km. 
 
Field Area Characteristics 
 
Geomorphology 
The field area for this research lies between the White Cliffs and the town 
of Kanab, UT, covering 60 km2 and spanning the Kanab and White Tower 7.5’ 
quadrangles (Figure 4).  The drainage area for Kanab Creek upstream of Kanab, 
UT, is 611 km2 and elevations range from 2860 to 1310 meters above seal level 
(9380 ft to 4300 ft).  This study area covers ~6.5% of the entire length of the 
river.  Throughout much of the field area, Kanab Creek flows in a narrow (~0.5 
km wide) canyon cut into the Jurassic Navajo Sandstone.  The river valley 
widens substantially after crossing the Vermillion Cliffs and enters a broad 
alluvial valley afforded by the easily erodible Chinle shale (Sable and Hereford, 
2004; Doelling, 2008).  Four major tributaries join Kanab Creek within the study 
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area.  They are: Red Canyon, John R. Canyon, Three Lakes Canyon, and Hog 
Figure 4:  Topographic map and Google Earth image of the 60 km2 field area 
along the Kanab Creek corridor.   Arial photo: (1) Smith’s site near Kanab, UT; 
(2) Smith’s site 8km upstream from Kanab, UT (Smith, 1990); (3) USGS 
Stream Gage; (4) WRCC Weather Gage; (5) Drill site Middle reach; (6) Drill 
site Lower reach. 
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Alluvial deposits and landforms along the Kanab Creek alluvial corridor in 
the field area occur within three distinct geomorphic regions, the upper, middle 
and lower reaches (Figure 4).  These reaches are distinguished based on the 
valley width, number of terrace deposits, size of the bedload, gradient, and 
bedrock lithology.  In the upper part of the field area (the northern-most reach), at 
the base of the White Cliffs, Kanab Creek flows in a relatively broad shallow, 
gravel wash and has cut through Quaternary olivine basalt flows that originated 
from volcanic craters above the White Cliffs.  The stream here is ephemeral and 
bed material is composed primarily of limestone, basalt, and sandstone gravel to 
boulders.  Riparian vegetation is largely absent in the active channel in this reach 
of the field area.  There are three fluvial terraces, and the upper two contain thick 
soils and fine-sediment colluvial cover because of the thick pinyon-juniper forest 
cover.  Due to limited modern stream bank erosion into these deposits, there are 
few exposures of the underlying sediments.  The transition from the upper reach 
to the middle reach occurs between the mouths of Red Canyon and John R. 
Canyon tributaries (Figure 4).  At this transition, the gravel bedded wash 
becomes a single-threaded, sandy channel where riparian vegetation has 
encroached the floodplain.   
Within the middle geomorphic reach Kanab Creek has incised into the 
Jurassic Navajo Sandstone, forming an ~0.8km wide and 11km (0.5 x 7 mi) long 
bedrock walled valley.  The three topographically distinct fluvial terraces are 
better preserved in this reach than the upper reach.  The two highest terraces, 
Quaternary Alluvial Terrace 4 (Qat4) and Quaternary Alluvial Terrace 2/3 
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(Qat2/3), are unique because of their thickness and extensiveness throughout 
the field area.  Qat4 and Qat2/3 are the primary terraces that are investigated in 
this study to better understand Kanab Creek fluvial dynamics during the 
Holocene.  Map unit Qat2/3 is used because Quaternary alluvial terrace 3 (Qat3) 
and Quaternary alluvial terrace 2 (Qat2) are found at the same elevation above 
Kanab Creek in the middle and upper reaches (see Plates 1 and 2).  Where the 
underlying stratigraphy can be observed, Qat2 is a fill terrace and Qat3 is a fill-
cut (fill-strath) terrace cut into alluvium that is continuous under Qat4 terraces 
(Qa4 alluvium).  Due to their similar geomorphic position, it is difficult to 
differentiate between Qat2 and Qat3.  In these locations, map unit Qat2/3 was 
used.  Qat4 is ~40 meters above the modern channel and Qat2/3, Qat2, and 
Qat3 are ~20 meters above the modern channel in the middle reach.  Sediment 
fills in each terrace extend to or slightly below the modern stream grade.  Their 
thicknesses and height above modern channel varies with geomorphic reach.  In 
the middle reach, these terraces are the highest as well as the thickest.  The 
entire thickness of each deposit is almost completely exposed in the middle and 
upper reaches because Kanab Creek has incised to, or very close to, bedrock 
(<10 feet) as noted by Wright Drilling, Inc. (2001) from a well at 37º 07’ 01”N, 
112º 32’ 45” W (see Figure 4 for location).  Qat4 pinches out upstream and 
downstream from the middle reach making it less thick in the bordering reaches.  
Qat2 (Qat2/3) becomes the basin-fill surface in the lower reach (Plate 1).  
Alluvium underlying the Qat4, Qat3, Qat2/3, and Qat2 surfaces (Qa4, Qa3, and 
Qa2 alluvium) are composed of tabular, fine-grained silty clay and sand units that 
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can be traced for 10’s to 100’s of meters.  The lowest and youngest terrace, 
Qat1, is a minor alluvial deposit in terms of volume; however, it can be traced 
throughout the field area is of great importance to the study.  Qat1 is coarser-
grained, composed of gravels and cobbles, is ~5 meters off the modern channel, 
and is much less continuous than Qat4 and Qat2/3 in the middle reach.   
This middle, terraced reach of the river extends throughout most of the 
field area and ends just north of Kanab, UT.  The transition from the middle to the 
lower reach is just downstream of the Hog Canyon tributary (Figure 4).  This is 
where the river enters the broad lower valley upwards of ~2km wide south of the 
Vermillion Cliffs.  It is within the lower reach that the distinct terraces disappear.  
Instead, the time-equivalent alluvial packages are preserved in the complex 
Quaternary alluvial basin fill deposit (Qabf) without a topographic expression.  
Kanab Creek has incised approximately halfway into its ~60 meter thick alluvial 
fill in this broad lower basin (Wright Drilling, Inc.; 37º 03’ 27”N, 112º 32’ 25”W), 
creating the 30 meter deep arroyo for which it is well known.  Deposits in this 
reach are expected to be separated by unconformities and may be significantly 
different in age. 
 
Climatology 
 
The modern climate in southern Utah is closely linked to topography, but 
the region is generally semiarid, with sunny skies prevailing most of the year.  
Precipitation is bimodal and occurs predominately during the winter and summer 
months (Figure 5).  Winter precipitation falls as snow or rain and is sourced from 
frontal storms originating in the northwest (WRCC).  Summer precipitation occurs 
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during the North American Monsoon season.  During this time, the southwestern 
US warms due to intense solar heating.  Because of this, the prevailing wind 
pattern shifts and is sourced from ocean areas.  Moisture flows into southern 
Utah from the Gulf of California and the eastern Pacific (WRCC).  Above average 
precipitation and snowfall in this region during the winter months has been linked 
to positive ENSO phases in the tropical Pacific Ocean (D’Arrigo and Jacoby, 
1991).  
Figure 5:  Satellite image of the central Colorado Plateau region (from Google 
Maps).  Streams highlighted in red are referenced in Hereford’s 2002 alluvial 
chronology.  Black and white graphs represent the average hydrologic regime 
for each drainage from January to December, averaged over 20-30 years 
(data from the Western Regional Climate Center).    
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The Western Regional Climate Center (WRCC) has made available 
historical and modern climate data from weather station 424508, located in the 
town of Kanab, UT (37º 03’N, 112º 31’W, see Figure 4 for location).  Data from 
the record between 1971-2000 shows mean annual precipitation is 3814 mm (15 
inches), and mean annual temperature is 12.8ºC (55ºF) (WRCC).  The 
precipitation regime is seasonal exhibiting a major peak in winter around 
February and secondary peak in late summer around August due to monsoonal 
precipitation (Figure 6).  Although this data does not characterize the climate for 
the entire catchment, it does show the general climate over the field area.  Parts 
of the catchment at higher elevations are expected to receive more precipitation, 
while those at lower elevations are expected to receive less precipitation.  The 
seasonality of precipitation should be similar to those described above.   
Mean annual discharge for Kanab Creek within the field area is 12 cubic 
feet per second (cfs), and flow is perennial near the town of Kanab at USGS 
stream gage 9403600 (37º 06’ 02”N, 112º 32’ 50”W; see Figure 4 for location).  
The stream gage is located ~2.8 kilometers upstream of the Irrigation Dam.  The 
28-year record (1980-2008) suggests that the maximum modern discharge 
typically occurs in early April due to spring snowmelt runoff and minimum 
discharge is in late June prior to the monsoon season (USGS Stream Data).  
Comparison of the mean daily discharge for Kanab Creek to the mean daily 
precipitation shows approximately a 2-month lag in peak discharge after peak 
winter precipitation due to storage as snow and subsequent spring melting 
(Figure 6).   
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Figure 6:  Comparison of Mean Daily Precipitation from the Western 
Regional Climate Center with Mean Daily Discharge from the USGS Kanab 
Creek gage 9403600, near the town of Kanab, UT (Locations on Figure 4). 
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Of the three largest floods on record (1959-2007), two large floods 
occurred in September of 1960 and 1961 that were two orders of magnitude 
greater than the averaged maximum daily discharge, 2100 and 3030 cfs (Figure 
7).  A flood of that magnitude was not recorded again until January of 1997 (2300 
cfs).  The gage height for the two floods in 1960 and 1961 is ~15 feet, an 
elevation high enough to inundate the modern floodplain.  According to the 
USGS StreamStats, the three largest peak floods since 1959 fall somewhere 
between the 15-40-year flood recurrence intervals.  Figure 7 highlights the 
temporal pattern of the peak floods from 1959-2007.  The majority of peak floods 
occurred in August and a smaller amount occurred in late February and March.  
Although the highest average daily discharge occurs in April (Figure 6), the 
majority of large floods occur during the Monsoon season in late July and 
August.  The smaller amount of peak floods in late February and March are due 
to rain on snow events or rapid warming and snowmelt conditions (Webb et al., 
1991).   
 
Historic Channel Change in Kanab Creek 
 
Historic arroyo cutting along Kanab Creek in the early 1880s AD has been 
directly linked to a series of large floods during this time (see review by Webb et 
al., 1991).  The following accounts and summary has been largely adapted from 
Webb et al. (1991).  Prior to the most recent arroyo formation and at the time of 
historical settlement, Kanab Creek was a perennial stream that flowed at an 
elevation of the settlement in the lower reach and at the elevation of the Qat2 
terrace surface in the middle reach.  The channel in the middle reach was 
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 Peak Annual Streamflow, Kanab Creek Gage 1959-2007
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Figure 7:  Top is the peak annual streamflow record from 1959-2007 from 
the USGS Kanab Creek gage within the field area.  Bottom chart expresses 
the total number of peak floods per month based on the data above.   
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occupied by marshy areas, and bordered by meadows.  By the mid-1870s, native  
vegetation was disturbed because the floodplain was converted to pasture and 
farmland.  What used to be a perennial braided stream, had changed into a 
single threaded channel with greater stream power by this time (Webb et al., 
1991). 
The former meadows, field crops, and newly built irrigation dams were 
eroded and destroyed during monsoon-related floods in August of 1882 and 
1883 AD.  Historic accounts suggest that during these floods large cohesive 
blocks of alluvium the size of a small house were transported downstream.  
Heavy snowmelt floods during the winters of 1884-1885 AD deepened the newly 
formed arroyo by 18 meters (Webb et al., 1991).  Above average winter snowfall 
during these years was thought to have been due to strong El Niño conditions 
(Quinn et al., 1987).  Floods continued into the early 1900s AD, destroying all 
dams along its course, which subsequently increased the stream power and 
exacerbated erosion (Webb et al., 1991).  By 1914 AD, Kanab Creek reached a 
depth of 20-30 meters and a width of over 200 meters near the town of Kanab, 
UT, and its dimensions have changed little since this time (Smith, 1990; Webb et 
al., 1991). 
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CHAPTER II 
PREVIOUS WORK ON SELECTED SOUTHWESTERN RIVERS AND 
REGIONAL PALEOCLIMATE REVIEW 
 
The Arroyo Problem 
 
A large body of literature exists on the causal mechanisms responsible for 
arroyo formation in southwestern U.S. drainages.  Geomorphologists and 
archaeologists have been studying modern arroyos since the late 1800s (see 
review by Graf, 1983).  Over the course of these studies, at least three factors 
have been hypothesized as important drivers for arroyo entrenchment.  One of 
the earliest proposed mechanisms included land use change during historical 
settlement and cattle grazing within the Southwest.  Many researchers suggested 
that poor management of land and water resources was the cause of the late 
1800’s to early 1900’s fluvial incision (e.g. Rich, 1911; Antevs, 1952; Alford, 
1982).  Overgrazing and the reduction of vegetative cover can drastically lower 
the roughness and infiltration capacity of hillslopes, resulting in faster overland 
flow and consequential stream power (Bull, 1991).  Human modification of 
channel patterns and hillslope vegetation density may have contributed to the 
instability of the fluvial systems in the Southwest during the time of settlement, 
but this alone fails to explain prehistoric arroyo cutting as seen in the 
stratigraphy.  Similarly, overgrazing and land use change mechanisms do not 
address the cause of past valley-filling episodes (Bryan, 1925; Hack, 1942; 
Cooke and Reeves, 1976; Hereford, 2002).   
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Most researchers agree that changes in regional climate and hydrology 
controlled past arroyo cycles (Davis, 1905; Huntington, 1914; Bryan, 1925; Hack, 
1942; Hall, 1977; Karlstrom, 1978; Webb and Hasbargen, 1997; Waters and 
Haynes, 2001; Karlstrom, 2005; Mann and Meltzer, 2007).  As climate shifts to 
conditions favoring erosion, (increased discharge and/or decreased sediment 
supply), a river may rapidly incise into its alluvium, leading to the abandonment of 
the floodplain and the construction of river terraces.   
The Lane Balance conceptual model can help explain the amount of work 
done by a river in terms of erosion and deposition.  Variables that influence the 
driving or erosive forces are slope and discharge, because they are proportional 
to the stream power.  Increased slope, caused by lowered base level from 
tectonic and climate change may result in fluvial incision.  Variables that 
influence the resisting forces are bedload and sediment size (Bull, 1991; 
Leopold, 1994).  If a copious amount of sediment is delivered to the stream and 
stream power is relatively low, then aggradation of the channel can occur.   
Climate change can also change the concavity of a stream’s longitudinal 
profile in tectonically stable settings, such as the Great Plains and Colorado 
Plateau (Zaprowski et al., 2005).  For example, Zaprowski et al. (2005) suggest 
that during glacial climates, discharge remains fairly steady throughout the year 
and overall concavity is stable or slightly decreased due to fluvial stability or 
aggradation (Figure 8).  In an arid or interglacial climate, seasonal and flashier 
discharge can induce fluvial incision and increased concavity of a stream 
(Zaprowski et al., 2005).  In the Great Plains, Zaprowski et al. (2005) found that 
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as precipitation intensity doubled along a transect of similar sized drainages, the 
concavity of the channels tripled.  This dramatic increase in concavity caused 
tens of meters of vertical incision within these drainages (Zaprowski et al., 2005).  
Overall, an aggraded longitudinal profile is less concave with a more uniform 
slope than an incised profile (Figure 8).   
 
Figure 8:  Cartoon illustrating concavity changes associated with 
changes in peak discharge (Q) and sediment load.  
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Lastly, a group of researchers put forward the idea that arroyos form by 
internal controls on the drainage system.  Local controls on sediment production, 
runoff, and storage, as well as basin area, are factors that are most important 
when it comes to fluvial aggradation and degradation, and external forces have 
only a minor role in their development (Graf, 1987).  The complex response 
model describes that incision in one reach of a stream results in aggradation 
downstream (Schumm, 1973).  In addition to complex fluvial response to a single 
forcing, these local controls may explain why alluvial deposits found in adjoining 
drainages in the Southwest have dissimilar alluvial chronologies (Waters, 1985; 
Patton and Boison, 1986).  The differences between these hypotheses are the 
root of the Arroyo Problem.  They highlight the fact that causal mechanisms can 
be intricate, and isolation of a single cause within a particular stratigraphic record 
is difficult.   
 
Fluvial Records of the Southwest Region 
 
Many river catchments surrounding Kanab Creek have been previously 
studied and provide a chronostratigraphic framework for regional comparison.  
These include the Virgin River in Zion National Park (Hereford et al., 1996b), the 
Escalante River (Webb and Hasbargen, 1997), the Paria River (Hereford, 2002), 
the Little Colorado River (Cooley, 1962; Hereford, 1984), Black Mesa Region 
(Hack, 1942; Karlstrom, 1978; Karlstrom, 2005), and Chaco Canyon (Hall, 1977; 
Force, 2004) (Figure 5).  These fluvial chronologies were constrained using 
radiocarbon dating and association to archaeology.  In addition, a good 
chronology has been developed for the Colorado River in Grand Canyon 
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(Hereford et al., 1996a ).  Based on correlations between regional fluvial 
chronologies, Hereford (2002) suggested that major periods of aggradation 
and/or stability over the last 2 kyr occurred prior to 800 yr BP and between ~600-
120 yr BP (timing of the Little Ice Age), and major periods of incision occurred at 
~800-600 yr BP (~1400-1200 AD) and ~120-80 yr BP (~1880-1920 AD) (Figure 
9).   
The following summaries will be focused on drainages with modern 
precipitation regimes that are similar to Kanab Creek in order to avoid confusing 
correlations later.  These are the Virgin and Paria River drainages, which are 
both the most proximal to Kanab Creek.  Today, mean annual precipitation 
(MAP) in high elevation catchments of the west-central Colorado Plateau is 
dominated by winter precipitation (WRCC) (Figure 5).  As one moves east and 
south of these drainages, the hydrologic regime becomes much different.  In 
eastern Utah, northeastern Arizona, and northwestern New Mexico, winter 
precipitation becomes less important and almost negligible compared to the large 
Monsoonal peak in late summer.  Therefore, it is expected that alluvial records 
from these different climatologic regimes could differ and not correlate.  
The Virgin River is located ~40 kilometers to the west from Kanab Creek 
in southern Utah.  The Virgin River is an adjacent drainage with similar geology, 
elevation change, and drainage basin size.  The alluvial deposits along the reach 
of the North Fork of the Virgin River that flows through Zion National Park were 
studied by Hereford et al. (1996b).  Terrace and modern alluvium were dated by 
archeological context, tree-ring methods, and historical documentation.   
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Figure 9:  Chronostratigraphic correlation of late Holocene valley-fill 
alluvium from the Colorado Plateau region.  Note the variable timescale.  
Modified from Hereford, 2002. 
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The oldest deposit is termed the “prehistoric alluvium,” and finished aggrading 
~0.9-0.8 ka (1100-1200 AD).  The “settlement alluvium” was deposited between 
0.6-0.12 ka (1400-1880AD) (Figure 9).  This alluvium was incised during historic 
arroyo cutting, forming the settlement terrace.  After the historic cutting, the 
“modern alluvium” was deposited between 1940-1980 AD (Hereford, 1996b).  By 
using the long-term stream flow record and the calibrated tree-ring record for the 
Virgin River, Hereford et al. (1996b) suggested that fluvial processes were 
contemporaneous with variations in stream flow.  Periods of aggradation along 
the Virgin River in Zion National Park correlate to low average stream flow and 
dry periods, while incision periods occur during wetter intervals with higher 
average stream flow.   
Later work by Hereford (2002) on the tributaries to the Paria River show 
similar results.  Kitchen Corral Wash is one of his studied tributaries and is 
located ~90 kilometers to the east of Kanab Creek in southern Utah.  Like the 
Virgin River, the Paria drainage is adjacent to the Kanab drainage and has 
similar geomorphic characteristics.  Using radiocarbon ages and tree-ring counts 
from buried Junipers, Hereford (2002) described a major period of deposition 
during the Little Ice Age between 1400-1880 AD (0.6-0.12 ka).  Two 
disconformities bracket this aggradational period, the Prehistoric (0.8-0.6 ka) and 
Historic (1860-1910 AD) arroyo cutting periods (Figure 9).  Hereford (2002) 
suggested that the main drivers of fluvial aggradation during this time were the 
decrease in the frequency of large magnitude floods and increased sediment 
supplied from eroded bedrock from sparsely vegetated upland sources.  He 
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attributes the two arroyo cutting periods to times of increased flood frequency 
and magnitude.   
An intermediate as well as an older alluvial fill deposit within the Paria 
River study area does not get much focus in the paper.  However, Hereford 
(2002) suggests that the upper part of the intermediate fill predates 1200 AD and 
the base of the older fill dates to ~4330-6320 14C yrs.  These older fills may be 
important for comparison to the older Kanab Creek record presented later in this 
thesis.   
 
Paleoflood Studies  
 
 The majority of arroyo work has focused on the causal mechanisms for 
paleoarroyo development, specifically on the climate linkages to fluvial 
processes.  Researchers have suggested a link between arroyo cutting and 
increased flood magnitude and frequency (e.g. Hereford, 2002).  Studies of 
slackwater deposits and paleoflood hydrology may provide clues to the linkages 
between periods of increased flooding and arroyo cutting.   
Slackwater deposits form in low velocity areas within bedrock canyons, 
during floods.  Slackwater deposits that are located in alcoves high above the 
modern channel are not destroyed by moderate sized floods and therefore record 
only the most extreme flood events (Ely, 1997).  Records of past flood frequency 
and magnitude can be derived by indirect measurements in the field at places 
where a flood has affected the landscape, sediment, or vegetation.  Paleoflood 
stages and discharges can be calculated from these records and can be used to 
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extend records of flood-frequency and recurrence interval beyond direct 
measurements and observations (Baker, 2008).     
Paleoflood hydrology and flood-frequency interpretations are important for 
understanding arroyo incision because floods provide the energy for channel 
erosion.  For example, a period of more frequent, large floods at the turn of the 
last century is broadly coincident with historic arroyo cutting [~1880-1920 AD] in 
the Virgin and Paria drainages (Hereford, 2002).   
Ely (1997) suggested that regional as well as global climate perturbations 
correlate to paleoflood deposits in the Southwestern US.  Figure 10 is a modified 
version of Ely’s (1997) paleoflood chronology for the southwestern US, compiled 
from drainages around the region including a site from Kanab Creek.  Her 
chronology shows periods of increased floods at ~5.8- 4.2 ka, ~2.4 ka, ~1.1- 0.9 
ka, and 0.6 ka to present, and decreased flood events between 4.2- 2.4 ka and 
0.8- 0.6 ka.  However, it should be noted that this paleoflood record is inherently 
incomplete and may be inaccurate due to the incorporation of data from various 
sized drainages throughout the Southwest US.  Ely (1997) concluded that based 
on historic records, geomorphically-effective floods are associated with winter 
storms or dissipating tropical cyclones, and proposed that the conditions needed 
to produce these storm types are tropical El Niños, a southerly shift in frontal 
storm patterns, and an increase in the overall moisture influx to the Southwest 
region (Ely, 1997).   
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Previous Studies on Kanab Creek 
 
Hereford (2002) proposed that the Kanab Creek alluvial chronology 
correlates with regional Holocene fluvial records of the Southwest (Figure 9).  
However, there was minimal previous age control and stratigraphic descriptions 
of Kanab Creek alluvium when he made these correlations.  Smith (1990) 
conducted a master’s thesis study on the large floods and rapid entrenchment on 
Kanab Creek, focusing mostly on historical channel change between Alton, UT 
(upstream) and Kanab, UT (downstream).  He used surveyed cross-sections, two 
stratigraphic sections of alluvial deposits, and one paleoflood deposit, as well as 
previous dendrogeomorphic data from flood-scarred trees for his interpretations.   
 
 
 
 
 
 
 
 
 
 
 
 
 
historic 
cutting 
Figure 10:  Modified version of the paleoflood chronology for the 
Southwest US, (Ely, 1997).  Numbers in parentheses are approximate 
calibrated years BP.  Note the recent apparent increase in paleofloods 
leading up to the historical arroyo cutting.  This is partly attributed to 
preservation effects.  
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Figure 11 is a modified version of Smith’s alluvial stratigraphy from a terrace 
outcrop in the middle reach (4109043 N, 362732 E) as well as from an outcrop 
near the town in the basin fill (4102770 N, 363135 E) (see Figure 4 for locations).  
These sites were revisited in this study and results are presented in subsequent 
chapters.  Age control was obtained by radiocarbon dating and indicates the 
record extends until at least ~5 ka BP (Smith, 1990).  He identified two phases of 
cutting and filling prior to Historic arroyo cutting.  Additionally, he identified a 
slackwater paleoflood deposit within the lower bedrock canyon reach of Kanab 
Creek in AZ, which contained 12-14 flood deposits all formed over the last 500 
years. 
McCord (1990) attempted to improve the flood frequency estimates for the 
southwestern US through dendrochronologic analysis of flood-scarred conifers in 
the higher elevations of southern Utah and Arizona.  The record for Kanab Creek 
was derived from Ponderosa Pines near the White Cliffs, and extends back to 
slightly before 500 yr BP.  Most of the scars cluster near 1866-1916 AD, with a 
smaller number of tree-ring dated flood scars clustered at 1471 and 1521 AD.  
These two time periods are associated with recorded historic and prehistoric 
arroyo cutting in the region (Hereford, 2002).   
As mentioned earlier, Ely (1992) synthesized paleoflood chronologies from 
bedrock rivers in Arizona and southern Utah.  The bedrock canyon reach of 
Kanab Creek, downstream of the large arroyo, is one of her study sites.  Her site 
is several kilometers downstream of the paleoflood site studied by Smith (1990).   
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Site 1 
Site 2 
W E 
Figure 11:  Modified stratigraphic cross sections of basin fill alluvium near 
Kanab, UT (top) and two alluvial terraces 8km north of Kanab, UT (bottom).  
Ages are in radiocarbon years before present (Smith, 1990).  Site locations on 
Figure 4. 
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In an alcove 20 meters off the modern channel, she found eleven flood deposits 
that were dated with radiocarbon (Figure 12).  Results suggest paleoflood 
deposits are clustered into deposits ~800, 300-400 yr BP and ~90 yr BP, the 
younger two clusters are similar to McCord’s (1990) flood-scared tree ring record 
of floods from the upstream reaches of Kanab Creek.   
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Figure 12:  Stratigraphy of paleoflood deposits in Kanab Canyon, 
highlighting clusters around the Prehistoric arroyo cutting events 
along Kanab Creek.  Triangles represent sample locations, ages are 
in radiocarbon years before present.  Modified from Ely, 1992. 
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Regional Paleoclimate Review 
Regional climate proxy records indicate that the Colorado Plateau was 
cooler and wetter than present during the Last Glacial Maximum (~20-18 ka) 
(Thompson et al., 1993).  Climate simulations of atmospheric circulation during 
full glacial conditions suggest that the jet stream was displaced southward to 
30°N latitude, (20° south of its mean location today) due to deflection around the 
continental ice sheet (Thompson et al., 1993).  The North American ice sheets 
forced polar frontal storms to move south bringing cool, moist air to areas that 
are dry today.  In southern Utah, 18 ka pack rat middens indicate Rocky 
Mountain juniper, limber pine and sagebrush coexisted with xerophytes 
(Betancourt, 1990).  This coexistence indicates cold and relatively dry conditions, 
although these dry conditions represented a period of higher effective moisture 
than present.   
Throughout the latest Pleistocene, continental glaciers began to retreat 
and Earth began to warm due to Milankovitch orbital forcing.  The influence of the 
Laurentide ice sheet on North American atmospheric circulation waned, allowing 
the jet stream to move northward.  Although the migration of the jet stream 
northward may have caused the Southwest to become drier, increased 
monsoonal airflow into the Southwest began with the onset of the Holocene due 
to increased landmass heating (Berger et al., 1984; Thompson et al., 1993).  
At the Pleistocene-Holocene transition, lakes on the Kaibab Plateau 
signify a warming trend by establishing aquatic plants for the first time (Weng and 
Jackson, 1999).  However, a brief cold period and return to almost glacial 
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conditions occurred during the Younger Dryas (~11.5-12.7 ka) (Thompson et al., 
1993; Wurster et al., 2008).  Overall, the Pleistocene-Holocene transition in the 
western US saw greater than present onshore flow of moisture, and stronger 
westerly winds that brought more precipitation than today.  Elevational changes 
in subalpine taxa reflect temperatures that were up to 5°C cooler and 35-120% 
wetter than today in southern Utah.  However, during the Younger Dryas, 
temperatures could have been as low as 8°C cooler than today (Thompson et al., 
1993).   
For much of the Colorado Plateau and southwest US, arroyos began to 
develop in the early and middle Holocene when climate was undergoing frequent 
temperature and moisture variations.  The following discussion summarizes the 
paleoclimate for the Colorado Plateau and parts of the Southwest over the last 
10 ka, highlighting the role of the North American Monsoon and El Niño-Southern 
Oscillation (ENSO) on precipitation patterns. 
 The early Holocene, 10-8 ka, is a period of rapid warming with positive 
thermal anomalies in the interior of the continent.  Climate models suggest an 
increase in summer insolation, which intensified land surface heating (Thompson 
et al., 1993).  These warm temperatures resulted in greater onshore moisture 
flow in the western US and caused strong summer monsoon circulation.  The 
modern ENSO system was weak and not fully developed in the early Holocene 
because warmer temperatures in the eastern Pacific Ocean reduced the zonal 
sea surface temperature gradient needed to drive El Niño events (Rodbell et al., 
1999).  Therefore, the strong summer monsoon system allowed conditions to 
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remain wetter than today in the Colorado Plateau and Southwest, based on 
climate simulations and fossil pollen data (Thompson et al., 1993).  Greater 
vegetation density at this time suggests increased summer rainfall and/or deeper 
soils in the Colorado Plateau (Cole, 1990; Anderson et al., 2000).  Relatively 
rapid soil formation and increased abundance of grasses and trees in the 
Needles District of Canyonlands National Park also record wetter conditions 
related to an enhanced summer monsoon system (Reheis et al., 2005).  In 
addition, lakes on the Kaibab Plateau were relatively deep during the early 
Holocene (Weng and Jackson, 1999).  In other parts of southern Utah, woodland 
and steppe vegetation grew below their modern limits between 10-6 ka while 
montane conifers disappeared at lower elevations (Betancourt, 1990; Anderson 
et al., 2000).  These distinct vegetation patterns during the early Holocene 
suggest that southern Utah was ~1°C warmer than today, with more summer 
rainfall and enhanced monsoonal precipitation (Thompson et al., 1993; Markgraf 
and Diaz, 2000).   
 The middle Holocene, 8-4 ka, begins with the warmest and driest period in 
the Holocene for the Interior West (Thompson et al., 1993).  For instance, the 
Great Salt Lake may have completely desiccated between 7-5.3 ka (Madsen et 
al., 2001).  Little ground cover and grassland in addition to an increase in open 
shadescale shrub indicates maximum Holocene temperatures at this point.  
Climate simulations of atmospheric circulation during this time imply that regional 
climate was responding to the amplification of the seasonal cycle of insolation 
(Thompson et al., 1993).  Lowered lake levels on the Kaibab Plateau suggest a 
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decrease in effective moisture after 8 ka due to increasing temperatures and 
accelerated evaporation (Weng and Jackson, 1999).  Climate was hot and dry, 
which is why the period between 7-5.5 ka is sometimes referred to as the mid-
Holocene Altithermal (Thompson et al., 1993).  In Canyonlands National Park, 
accumulation of sheetwash deposits, increased drought-tolerant vegetation, and 
localized dune reactivation support the concept that between 8-6ka southern 
Utah and other parts of the Southwest were much drier than the previous and 
succeeding climate intervals (Reheis et al., 2005). 
Beginning about 6 ka, climate shifted to dominantly wet-dry cycles on 
millennial time scales (Thompson et al., 1993).  A return to greater onshore flow 
of moisture brought increased amounts of precipitation to the southwest, enough 
to exceed modern amounts (Thompson et al., 1993).  At the end of the warm and 
dry middle Holocene, summer solar insolation and the intensity of the summer 
temperatures decreased to around modern levels (Weng and Jackson, 1999).  
Episodic fluvial and eolian deposition in Canyonlands National Park from soil and 
pollen records suggests a wetter and cooler climate between 6- ~2 ka (Reheis et 
al., 2005).   
Depressed temperatures and increased effective moisture, separated by 
intervals of warmer and drier conditions, generally characterize the last 4 ka.  
Lakes on the Kaibab Plateau show signs of increased effective moisture and/or 
decreasing temperatures prior to 2 ka (Weng and Jackson, 1999).  Ely (1997) 
found periods of increased high magnitude floods in the region ~5.8-4.2 ka, and 
2.4 ka that correlate to cooler and wetter climate conditions, and strong ENSO 
 
38
events.  It is ~5 ka, when ENSO reaches full strength and El Nino events occur 
every 2-8.5 years typical of today’s recurrence (Sandweiss et al., 1996; Rodbell 
et al., 1999).  A study at the Coral Pink Sand Dunes, located ~12 km west of 
Kanab Creek, used OSL and 14C to date the timing of dune activity and 
stabilization during the late Holocene (Wilkins et al., 2005).  They found a dry and 
active dune phase between 4-3ka.  Ely’s (1997) paleoflood record suggests 
peaks in flood frequency and magnitude ~1.1-0.9 ka and again after 0.6 ka due 
to a greater number of El Niño events at these times.  Other records identify 
discrete long droughts during the last 1000 years, highlighting the variability in 
climate during the late Holocene.  
Under El Niño conditions, the southwestern US experiences wetter than 
normal precipitation conditions during the fall and winter months (Menking and 
Anderson, 2003).  ENSO is an oscillating ocean temperature and atmospheric 
pressure pattern in the tropical Pacific Ocean that occurs approximately every 2-
8 years.  Under normal conditions, the trade winds and strong equatorial ocean 
currents flow to the west.  This causes uplift of cold, deep water along the coast 
of Peru, known as the Peruvian current.  There is a strong atmospheric pressure 
gradient between the eastern equatorial Pacific (high pressure) and western 
equatorial Pacific (Ruddiman, 2001).  Under negative ENSO (La Nina) 
conditions, the southwestern U.S. experiences relative dryness during the winter 
months (Menking and Anderson, 2003).  In contrast, during a positive ENSO (El 
Nino), the western equatorial Pacific experiences pressure increases, while the 
eastern equatorial Pacific pressure decreases.  The trade winds weaken, 
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allowing warm sea surface water to migrate toward the east, forming a counter 
current.  This counter current redistributes the major rainfall systems and brings 
moist air to the eastern equatorial Pacific while drought dominates the western 
Pacific (Ruddiman, 2001).  The western US receives enhanced winter moisture 
during ENSO years.     
Dendrochronologic records from various sources across the western US 
suggest that epic droughts occurred during the Medieval Climate Anomaly (MCA) 
between 1.2-0.7 ka (Cook et al., 2004).  Anomalously warm conditions during the 
MCA may have contributed to these dry conditions (Cook et al., 2004).  Tree-ring 
based reconstruction of stream flow data for the Colorado River at Lees Ferry 
highlights a medieval drought ~0.85 ka that lasted for a few decades, which is 
also correlative with dry conditions previously identified in the Great Basin and 
Colorado Plateau (Meko et al., 2007).  A 1000-yr tree ring record from 
northwestern New Mexico suggests a decade long drought ~0.78 ka related to a 
weaker El Niño-Southern Oscillation (ENSO) (D’Arrigo and Jacoby, 1991).  In 
addition, Ely (1997) noticed the absence of large paleofloods during the MCA 
between 0.8-0.6 ka.  The Medieval Climate Anomaly (1.2-0.7 ka) is characterized 
by warmer temperatures and decreased effective moisture compared to the Little 
Ice Age (0.7-0.12 ka) (D’Arrigo and Jacoby, 1991).  
The Little Ice Age, as its name implies, was a brief cool period between 
0.6-0.12 ka (1400-1880 AD).  A cool-season precipitation record obtained from 
tree-ring records from northwestern New Mexico suggests 4 of the 5 wettest 
decades over the last 1000 years were during the Little Ice Age (D’Arrigo and 
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Jacoby, 1991).  These periods are ~0.57 ka, ~0.52 ka, 0.39 ka, and 0.16 ka, and 
these wetter decades correspond to periods of frequent El Nino.  Increased 
effective moisture during the Little Ice Age near Kanab Creek is represented by a 
soil horizon in the Coral Pink Sand Dune stratigraphy (Wilkins et al., 2005).  An 
OSL date from this horizon dates to ~0.5ka, and a 14C sample confirms the age 
of the soil, ~0.4ka.  In addition, tree-ring dating of ponderosas within the Coral 
Pink Sand Dunes shows the oldest tree dates back to 1560 AD (Wilkins et al., 
2005).  This tree died ~200 14C yrs BP because it was buried by reactivated dune 
sand, also marking the end of the Little Ice Age.  The termination of the Little Ice 
Age, ~120 yr BP, coincides with the historical period known for increased 
temperatures and flood events (McCord, 1990; Ely, 1997; Munroe, 2003).   
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CHAPTER III 
RESEARCH DESIGN 
 
This study couples field investigations with laboratory analyses.  A field-
based research campaign involved four important methods for gathering 
empirical data.  Mapping of Kanab Creek deposits is important for delineating 
and characterizing the distribution of surficial elements; sedimentologic and 
stratigraphic descriptions of these map units are essential for understanding 
depositional processes; GPS surveying and DEM analysis for topographic 
relations between terrace deposits and the modern channel; and sampling of 
fluvial deposits for geochronologic determination.  Data were systematically 
collected following the methods described below for the upper, middle, and lower 
geomorphic reaches within this central Kanab Creek drainage field area. 
 
Mapping 
Quaternary surficial deposits were mapped at the 1:12,000-scale using 
USGS topographic maps and aerial photographs for the Kanab Creek corridor 
covering parts of the White Tower and Kanab quadrangles.  All raster data, 
including the 2006 NAIP digital aerial photographs, 20-m digital elevation models, 
and USGS topographic maps, were downloaded from the Utah GIS Portal 
website (http://gis.utah.gov).  Mapped units include fluvial terraces and modern 
alluvium, hillslope colluvium and eolian deposits.  Delineation of terrace deposits 
was based on their relative height above the modern channel, using eye-height 
methods and GPS surveying.  Map unit names for the terrace deposits are 
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Quaternary alluvial terrace 1, 2, 2/3, 3 and 4 and their map unit symbols are 
Qat1, Qat2, Qat2/3, Qat3 and Qat4, corresponding alluvial fill deposits are 
referred to as Qa1, Qa2, Qa3, and Qa4.  This numbering scheme was chosen 
based on the relative age of the terraces, where Qat1 is the youngest and lowest 
terrace and Qat4 is the oldest and highest terrace off the modern channel.  
Qat2/3 was chosen for the middle terrace where Qat2 and Qat3 could not be 
differentiated because they have similar geomorphic positions above the modern 
channel (~20 meters).  Stratigraphic observations at key sites indicate that Qat3 
is a fill-cut (fill-strath) terrace cut into Qat4 deposits and Qat2 is a fill terrace, 
commonly inset into Qat3.  Specific ages, heights, sedimentology, and 
relationships of the terrace and basin-fill deposits are discussed in the results 
section.  Vegetation patterns and archeology were helpful in identifying terrace 
map units.  For example, juniper trees are mostly found on the top of the Qat4 
terrace, whereas sagebrush dominates the treads of the middle terrace (Qat2, 
Qat2/3, and Qat3).  Additionally, Puebloan artifacts and remains were only 
observed on the highest terrace (Qat4) and provided relative age constraint.   
Modern alluvial deposits within the active floodplain (Qah and Qam) were 
delineated based on height above modern channel, vegetation types, evidence 
for recently deposited alluvium and/or flood debris around the base of trees, and 
indirectly on frequency of inundation using stream flow stage height data.  
Incorporated into this analysis were the differences between the river positions 
on successive aerial photographs in 1960, topographic maps in 1985, and the 
modern channel position in 2006.  The historic alluvium (Qah) is lower in 
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elevation than Qat1 but is ~1-2 meters higher off the modern channel than the 
modern alluvium (Qam).  Large cottonwoods dominate the surface of Qah.  The 
modern alluvium (Qam) accreted between the 1985 and 2006, lacks cottonwood 
trees and is dominated by dense willows.  Woody debris, silt, sand, and mud 
deposited during high flows cap Qam.  Map units were digitized into ArcGIS 9.2 
during and after completion of the fieldwork (Plates 1 and 2).   
  This mapping effort is part of the USGS EDMAP Program.  The mapping 
and digitizing into GIS follows the Utah Geological Survey’s (UGS) mapping 
standards and guidelines.  For example, polyline and polygon layers have the 
same fields and descriptors in their attribute tables as all other UGS map 
publications.  Once accepted by the UGS, the map will be merged with the 
interim Kanab Creek 7.5’ geologic map and the White Tower 7.5’ geologic map 
when initiated and completed by the UGS.   
   
Stratigraphy/Sedimentology with  
Integrated Geomorphology 
 
A major field component of the research was the description of the 
stratigraphy of terrace alluvium. The Qat# map units are geomorphic map units, 
while the Qa# units refer to the deposits, in this way, a Qa2 deposit underlies the 
Qat2 map unit.  Stratigraphic sections range from 2-25 meters thick, and were 
described from units Qabf, Qa1, Qa2, Qa3, and Qa4 (Plates 1 and 2).  
Stratigraphic markers, or beds, were traced laterally to understand their geometry 
at each outcrop as well as their relationship with geomorphic features.  Data for 
each stratigraphic section includes a description of the texture, thickness, 
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bedding, sedimentary structures, contacts, buried soils, composition and color for 
facies analysis.  Digital pictures and panoramas were annotated based on 
stratigraphic descriptions to highlight marker units within the studied outcrops.  
These techniques helped identify fill-cut (fill-strath) terraces, scrolling deposits – 
small cut-fill with the same geomorphic expression, and inset cut-fill (fill) terrace 
deposits.  Interpretation of these sedimentary and geomorphic data permitted 
depositional facies reconstruction as well as the identification of energy changes 
throughout the system over time.  In the lab, stratigraphic columns were drawn in 
Adobe Illustrator CS3.           
 
Geomorphology 
Land surveying was performed for topographic analysis using Real-Time 
Kinematic (RTK) satellite navigation with a TopCon HiPer Pro receiver, an 
integrated geodetic wireless receiver.  Cross sectional topographic profiles of the 
terrace deposits were surveyed for the upper, middle, and lower reaches within 
the field area, focusing on the upper two reaches (Appendix A, Figures 35-42).  
To supplement these high-resolution elevation data, longitudinal profiles were 
calculated using 20-meter autocorrelated digital elevation models from the Utah 
GIS Portal.  A profile was extracted for each of the three main terrace treads, 
Qat1, Qat2/3, and Qat4, and the modern channel within the field area.  The 
modern river polyline was extracted from the National Hydrography Dataset 
(nhd.usgs.gov/).  Elevation values were extracted along this polyline in GIS for 
every 20-river meters.  These elevation values were smoothed using a 3-point 
moving window average to accurately smooth the river profile and remove 
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artifacts from the raw DEM, leaving the known basalt and Irrigation Dam 
knickpoints.  The river points provide a reference along the length of the field 
area to relate the river profile to the terrace profiles.  Points were digitized for 
each terrace deposit on the map and labeled based on their distance 
downstream.  Because the terrace deposits are disconnected throughout much 
of the field area, each map unit or terrace tread was digitized as a single point 
over the center of each surface.  These terrace points were plotted with distance 
from head of field area on the x-axis and elevation from the 20-m DEM on the y-
axis.  A profile was interpreted by connecting points for each of the terrace 
treads.  The vertical exaggeration was used for these longitudinal profile plots is 
70. 
One purpose for extracting longitudinal profiles is to obtain a concavity 
index for each terrace and the modern channel.  To measure the concavity index, 
each profile was copied separately as a tiff file into a freeware program, Image J.  
First, a straight line was drawn from the head of the profile to the base of the 
profile; line A-B, to form a right triangle (Figure 13).  The profile started at the 
base of the basalt knickpoint and ended at the top of the Irrigation Dam 
knickpoint.  Next, a polygon was digitized in Image J to represent the area of 
erosion from the straight profile, line A-B, to the modern profile (or profile of the 
terraces).  By dividing the area between line A-B and the profile by the area of 
the right triangle, a generic concavity index is calculated.  Methods for this 
concavity index have been modified from Zaprowski et al. (2005).   
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Geochronology 
 Two Quaternary dating methods were applied to the alluvial fill deposits 
along Kanab Creek.  Optically Stimulated Luminescence (OSL) is the primary 
technique for age control within the study area and is discussed in detail below.  
In addition, radiocarbon ages were obtained and previous radiocarbon ages were 
compiled and calibrated.  Three charcoal samples were collected for standard 
Accelerator Mass Spectrometry (AMS) radiocarbon dating and sent to Beta 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13:  Example of concavity measurement using Qat1 profile that is 
imported as a tiff into Image J.  The area between line A-B and the profile is 
measured in Image J a freeware program.  Methods modified from Zaprowski 
et al., 2005. 
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Analytic, Ltd for processing.  Previous radiocarbon samples from Smith (1990) 
were calibrated to years before present using the Calib 5.02html computer 
program written by Stuiver and Reimer (1993).  These radiocarbon samples are 
important for confirming the validity of the OSL results.   
  
OSL Sample Collection  
 A solid geochronologic framework is important for correlation of alluvial 
deposits between drainages and to regional paleoclimate records.  In order to 
accomplish this, 24 Optically Stimulated Luminescence (OSL) samples were 
collected from the basin fill and terrace deposits along Kanab Creek.  Data for all 
OSL samples are located in Appendix C, Table C-5.  Fifteen of these samples 
have been processed and analyzed for age control.  Sample sites were chosen 
based on stratigraphy, map location, and availability.  Target locations were 
above and below erosional contacts identified in the stratigraphy, as well as 
lower and upper sand units of a representative terrace deposit in order to bracket 
periods of cutting and filling.    
 OSL samples were collected in 8-inch long opaque metal tubes that were 
pounded into described outcrops and packed tightly with the target sand to 
minimize mixing.  Sediments within a 30-cm radius away from the sample site 
were homogeneously collected to analyze the dose rate environment.   
  
OSL Sample Processing 
 OSL samples were processed at the USU Luminescence laboratory.  
Moisture content was measured by weighing ~70 grams of the sample with in situ 
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field moisture, then drying the sample in an oven and reweighing it.  The 
difference between the weights divided by the dry weight equals the moisture 
content in percent.  If moisture content is ignored, then the age of the sample 
could be underestimated, because water absorbs radiation that would otherwise 
go to the sediment (Aitken, 1998).  Surrounding sediments collected for dose rate 
were sent off as bulk samples to obtain the concentrations of U, K, Th, and Rb.  
The ends of the sample tube were excavated to remove any sediment that may 
have been exposed to sunlight, such as at the face of the outcrop.  Samples 
were sieved using 90?m – 150 or 180?m sieves.  After sieving, the middle size 
range of the sand was flushed with HCl acid and H2O2  (or bleach) to dissolve any 
carbonates and organic matter, respectively.  To separate the remaining quartz 
and feldspar minerals from the heavy minerals, each sample was floated in 
Sodium Polytungstate (2.72 g/cm3 density).  After this separation, samples were 
treated with HF acid to remove feldspars.  After the HF treatment, samples were 
dry sieved to remove the <75?m fraction to remove any partially dissolved 
feldspar.  The sequence of methods above was used for processing every 
sample.    
        
OSL Theory  
Optically Stimulated Luminescence (OSL) is used to date the last time 
sediment was exposed to sunlight, or presumably the time of deposition.  As 
sediment is transported by wind or water, it is exposed to sunlight and zeroed of 
any previous luminescence signal.  Once this sediment is deposited and 
subsequently buried, it is removed from light and is exposed to low levels of 
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natural radiation from radioisotopes of Thorium, Uranium, Potassium-40, and 
Rubidium-87 in the surrounding sediment.   Quartz minerals accumulate a 
luminescence signal as ionizing radiation excites electrons within parent nuclei in 
the crystal lattice.  A certain percent of the freed electrons become trapped in 
defects or holes in the crystal lattice of the sand grain (quartz lattice) and 
accumulate over time (Aitken, 1998).  Upon exposure to external stimulus (light- 
OSL or heat-TL), the electrons are released from these traps and emit a photon 
of light upon recombination at a similar site attractive to electrons.     
In the laboratory, electrons are evicted from their traps through stimulation 
by (470 nm) blue-green light and produce a measurable luminescence.   The 
intensity of this luminescence signal is positively related to the length of time 
grains are buried and exposed to radiation (Aitken, 1998).  A photomultiplier with 
color filters (U-340) is used to collect the luminescence signal emitted by the 
sample, while blocking out scattered light from the stimulation source (Aitken, 
1998).   
The age of the sample is calculated by dividing the equivalent dose of 
radiation received by the sample during burial by the dose rate of the 
environment surrounding the sample. 
Age (kyr) = Equivalent Dose (Gy) 
                  Dose Rate (Gy/kyr) 
 
Following the single aliquot regenerative method of Murray and Wintle (2000), 
the equivalent dose (De) is calculated for an aliquot of a sample by first 
measuring the natural luminescence of the sample.  Then, the bleached sample 
is given known laboratory doses of radiation, referred to as regenerative doses.  
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The regenerative-dose data are fit with a saturating exponential that is specific to 
each aliquot to generate a luminescence dose-response curve.  The equivalent 
dose is calculated by the intercept of the natural luminescence signal with the 
generated curve (Figure 14).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14:  Example of a SAR signal-dose plot for one aliquot of 
USU-285. 
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A run sequence is written using the Sequence Editor program produced 
by RisØ National labs in order to program the Risø OSL/TL reader and set 
parameters for regenerative dose values and stimulation temperatures.  A typical 
sequence for the analysis of one aliquot usually looks like this: 
1. Preheat to 240°C for 10s (seconds) 
2. Stimulate for 40s at 125°C, pause 10s between heating and turning on the 
blue-green LED light source 
3. Measure natural signal or regenerative dose 
4. Give 100s test dose  
5. Heat to 160°C for 0s (cut heat) 
6. Stimulate for 40s at 125°C  
7. Measure test dose 
8. Give regenerative dose 
9. Repeat steps 1-7 changing regenerative dose as follows 
R1:  regenerative dose lower than natural 
R2:  regenerative dose similar to natural 
R3:  regenerative dose higher than natural 
R0 (R4):  zero dose (to check for recuperation- signal generated without a 
given dose) 
R1’ (R5):  repeat of first regenerative dose (to check recycling ratio, should be 
~1) 
10.    IR stimulation to check for feldspar contamination 
 
The luminescence of each natural and regenerative dose is measured out 
to 250 data points (40 seconds) at 125 ºC to produce a shine-down curve (Figure 
15).  The shine-down curve displays an exponentially decaying signal as 
stimulation continues, because the supply of trapped electrons is being 
exhausted (Aitken, 1998).  If the shine-down curve does not reach a stable 
background level, this could indicate inadequate bleaching at deposition which 
left a difficult-to-bleach component of the signal.  Some electrons can get trapped 
in shallow, unstable traps while buried or while on the instrument that are not 
related to the actual age of the sample.  It is important to preheat the sample to 
empty these unstable traps prior to measurement of both the natural and artificial  
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OSL signal (Aitken, 1998).  Kanab Creek samples were preheated to 240ºC for 
10s to remove the unstable, 110ºC thermo luminescent signals.  Because 
feldspars produce a brighter OSL signal than quartz, an infrared radiation check 
at the end of the run is performed to identify any contamination.          
Figure 15:  Shine-down curve for disk 10 of USU-292 (7 channels/ 
second). 
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For a given run, the data for each aliquot or small subsample of sand, in 
the run is analyzed separately.  An aliquot is a small subsample of the OSL 
sample collected in the field.  The mask size of each aliquot is 1-2mm, which 
contains approximately 100-200 sand grains.  Data for all aliquots of one sample 
are put into an excel spreadsheet created by Ron Goble at the University of 
Nebraska-Lincoln.  This program contains a macro that analyzes the raw data 
and calculates an equivalent dose for each aliquot by fitting a saturating 
exponential to the regenerative points and interpolating the natural signal onto 
this regenerative dose-response curve.   
Due to evidence for partial bleaching, the Minimum Age Model by 
Galbraith et al. (1999) was used to extract a statistically sound population of low 
equivalent doses and to remove those aliquots that were partially bleached or not 
completely zeroed during transport.  In addition, the Central Age Model was used 
for those few samples that were well-bleached (Glabraith et al., 1999).  The 
acceptable equivalent doses are then used with the dose rate to calculate an 
age.  In general, at least 20 accepted aliquots are required to obtain a statistically 
significant age for the sample.    
 Equivalent doses (De) for each sample are displayed as a probability 
density function, which is a cumulative frequency plot of the De distribution.  
These distributions were classified as one of three types and their characteristic 
shapes are related to the degree of bleaching during transport, following Arnold 
et al. (2007).  Distribution Type 1 is an example of an adequately bleached 
sample, with a near-normal distribution (see Appendix C, Figure C-47 for 
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example).  The Central Age Model works best at estimating the true De for Type 
1 distributions.  Type 2 is positively skewed and has a characteristic tail of larger 
equivalent doses, representing a classic partially bleached distribution.  The 
Minimum Age Model works best at estimating the true for Type 2 distributions.  A 
Type 3 distribution has multiple De populations that span a broad range (see 
Appendix C, Figure C-47).  The Minimum Age Model is typically used for Type 3 
distributions, although estimation of the true De may be difficult for these 
samples. 
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CHAPTER IV 
RESULTS 
 
 The results presented in this chapter are organized by methodology.  The 
descriptions of each map unit are explained first.  The purpose for this lengthy 
description is to orient the reader in terms of general deposit type, age, and 
sedimentology for more detailed results and discussions later.  Because the 
mapping of Kanab Creek alluvial deposits was based on classic geologic 
mapping technique, which maps deposits and not geomorphic landforms, the 
second section integrates the mapping with the geomorphology of the field area.  
This section helps the reader understand the geomorphic evolution of Kanab 
Creek through the 2-dimensional representation that is the geologic map.  The 
third section is a detailed analysis of the facies types and depositional 
environment interpretations for each package of alluvium throughout the various 
deposits.  A more detailed description of the geomorphology follows the 
stratigraphy section.  This section focuses on cross sectional and longitudinal 
profile data in an attempt to synthesize fluvial processes throughout the field 
area, highlighting the different geomorphic reaches and modern knickpoints.  
Finally, geochronology results are presented in the context of the mapping, 
geomorphology, and stratigraphy. 
 
Map Unit Descriptions 
 The map unit descriptions for the Kanab and White Tower Quadrangles 
are organized below based on deposit type and age.  This is a surficial geologic 
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map; therefore the focus of Plates 1 and 2 is on the alluvial corridor along Kanab 
Creek, as well as other Quaternary deposits.  A note on the fluvial map units: 
map units identified on the White Tower and Kanab Surficial Geologic Maps 
(Plates 1 and 2) represent mappable surfaces and are numbered based on 
relative age relationships (i.e. Qat4, Qat3, Qat2/3, Qat2, and Qat1).  For 
consistency, the associated fluvial deposits associated with these landforms are 
referred to in this thesis as Quaternary alluvium (Qa) 1-4.   
The alluvial terraces (Qat2, Qat3, and Qat4) and basin fill deposits (Qabf) 
were dated using OSL and radiocarbon dating.  Other alluvial and colluvial 
deposits were not absolutely dated and therefore do not have ages associated 
with them.  Rather, these deposits were relatively dated using geomorphic and 
stratigraphic relationships.   
 
Alluvial Deposits 
Qa, Modern tributary channel/  
ephemeral streams 
 
 Deposits in active tributary channels containing fine sand and clay mostly 
reworked from eolian and alluvial sources, usually contain water only during 
storms and flood events, 0.5-3 meter thick.   
 
Qam, Modern alluvium (1980 - 2006 AD) 
Alluvial deposits 1-1.5 meters above the modern channel, mostly accreted 
floodplain deposits inside of meanders, commonly mantled by lenticular, 
decimeter-scale fine-grained overbank sand, silt, and clay deposits; vegetated by 
weeds and shrubs that are buried by a few centimeters of alluvium, 1.5-2 meters 
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thick.  Represents fluvial bars and channels formed since 1980 due to channel 
migration, and its surface is seasonally inundated by floods. 
 
Qah, Historic alluvium (post-1880-1980 AD) 
Alluvial deposits 2.5-3 meters above the modern channel, forms a broad 
surface in the bottom of the arroyo, commonly mantled by lenticular, decimeter-
scale fine-grained overbank sand, silt, and clay deposits; these surfaces were 
vegetated by cottonwood trees and willows <40 years old as noted by repeat 
aerial photography between 1960 and 2006, 3-3.5 meters thick, its surface is 
inundated by flooding every 1-3 years. 
 
Qat1, Quaternary alluvial terrace 1  
(historical, post-1880 AD) 
Fill terrace; in most reaches 3-5 meters above the modern channel but 
can be as low as 1 meter above the modern channel in the upper reach; 
moderately poor to well sorted, tan to pale-red predominately matrix and clast 
supported cobbles, gravel, and minor boulders with interbedded sand silt and 
clay; clasts are composed mostly of limestone, sandstone, and basalt with minor 
amount of mud nodules; sand is massive, laminated or cross bedded; terrace 
treads show moderate soil development and are dominated by sagebrush 
(Artemisia tridentate), 2-6 meters thick, deposited post-1880 AD. 
 
Qat2, Quaternary alluvial terrace 2 
(latest Holocene) 
Fill terrace; 6-18 meters above the modern channel, moderately to well 
sorted, tan, light pink, yellow, and brown silty sand with interbedded yellow to 
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pale-gray laminated to variegated clay; sand and clay units are broadly lenticular 
and tabular bedded with multiple weak buried soils; sand units are massive to 
ripple laminated, thickness ranges from cm to m scale; terrace treads show 
moderate soil development and are dominated by sagebrush (Artemisia 
tridentate); Qa2 alluvium was deposited 0.7-0.12ka, making the Qat2 surface the 
pre-1880 AD floodplain, and is correlative with the top of the basin fill (Qabf), 
thickness ranges from 6-20 meters. 
 
Qat2/3, Quaternary alluvial terrace 2/3  
(middle to latest Holocene) 
 
 Complex fill-cut (fill-strath) and fill terrace; this map unit is used where 
Qat2 and Qat3 can not be differentiated by dating methods or stratigraphic 
observation due to their similar geomorphic position, 6-24 meters above the 
modern channel, moderately to well sorted, tan, light pink, yellow, and brown silty 
sand with interbedded yellow to pale-gray laminated to variegated clay; sand and 
clay units are broadly lenticular and tabular bedded with multiple weak buried 
soils; sand units are massive to ripple laminated, thickness ranges from cm to m 
scale, may be capped by 1-3 meter thick scrolling deposits that are massive or 
coarser-grained sand and gravel units deposited as Kanab Creek paused at this 
level during incision from the Qat4 surface to near the modern river level; terrace 
treads show moderate soil development and are dominated by sagebrush, 
sediments underlying this map unit are composed of Qa2 (0.7-0.12ka), Qa3 (3-
>1ka), and Qa4 (>6-3.5ka) deposits, thickness ranges from 6-26 meters. 
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Qat3, Quaternary alluvial terrace 3  
(middle to late Holocene)  
 Fill-cut (fill-strath) terrace surface representing the down cutting of Kanab 
Creek beginning ~3ka, after aggradation of the Qa4 alluvium (Qat4 map unit), 7-
24 meters above the modern channel.  In the White Tower and Kanab 
Quadrangles Qat3 is composed of Qa4 alluvium overlain by a relatively thin 
veneer of Qa3 alluvium, which was deposited as scrolling, small cut-fill deposits 
while Kanab Creek was migrating and incising.  Qa4 alluvium (>6-3.5ka) under 
the Qat3 surface is 5-24 meters thick, composed of moderately to well sorted, 
tan, light pink, yellow, and brown silty sand with interbedded yellow to pale-gray 
laminated to variegated clay; sand and clay units are broadly lenticular and 
tabular bedded with multiple weak buried soils; sand units are massive to cross-
bedded, thickness ranges from cm to m scale.  Overlying Qa3 alluvium (>1-3 ka) 
is 0-3 meters thick, composed of coarse-grained cross-bedded sands, minor silty 
clay units, and moderately developed soils, terrace treads are dominated by 
sagebrush.  The Qa3 alluvium (>1-3 ka) is also found at depth within the basin fill 
(Qabf) in the Kanab Quadrangle (UTM: 4102770 N, 363135 E), and is at least 8 
meters thick there. 
 
Qat4, Quaternary alluvial terrace 4 
(middle Holocene) 
Fill terrace dominating the Kanab Creek alluvial valley and up side 
canyons; 17-40 meters above the modern channel, moderately to well sorted, 
tan, light pink, yellow, and brown silty sand with interbedded yellow to pale-gray 
laminated to variegated clay; sand and clay units are broadly lenticular and 
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tabular bedded with multiple buried soils that are well to moderately developed; 
sand units are massive to ripple laminated, thickness ranges from cm to m scale; 
terrace treads show moderate soil development and are dominated by Utah 
Juniper (Juniperus osteosperma) and sagebrush (Artemisia tridentate); some 
slopes may show scrolling, small cut and fill deposits as Kanab Creek was 
migrating and incising.  Thickness ranges from 20-40 meters, deposited >6-3.5 
ka. 
 
Qabf, Quaternary basin-fill alluvium (late(?)  
Pleistocene to latest Holocene) 
 Complex stratigraphy composed of multiple fill deposits of varying ages; 
surface is >30 meters above modern channel, multiple fining upward silty sand 
units with clay cap that are broadly lenticular and horizontal bedding; minor 
lenticular channel gravel deposits, gravels typically coated with calcite.  Surface 
is correlative with Qat2 (Qat2/3) terrace upstream, and was the pre-1880 AD 
floodplain prior to Historic arroyo cutting.  Total thickness ~60 meters, deposits 
comprising this alluvium range in age: 0.12-0.5 ka, ~2 ka, ~5 ka, 8-11 ka, and 
~60 ka. 
 
Qaf, Alluvium of active or abandoned  
alluvial fans (middle(?) to late Holocene) 
 
 Active or dissected fans, reddish to pale-brown, moderately to poorly 
sorted, boulder- to clay-sized sediment deposited on low to moderate slopes by 
debris flows and ephemeral streams; typical fan-shaped morphology sourcing 
from smaller tributary catchments, locally mantled by eolian coppice sand dunes; 
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abandoned fans form mounds on the basin-fill surface 30+ meters above modern 
base-level and are dissected, while active fans are deposited close (1-2 meters) 
to modern base-level, 1-3 m thick. 
 
Mixed Alluvial, Colluvial, and Eolian  
Deposits 
Qae, Mixed alluvial and eolian deposits 
(middle to late Holocene) 
 Locally derived from Kanab Creek alluvium and proximal sand dunes, 
moderately to well-sorted, mostly sandy-silt, minor clay, deposited in shallow 
topographic depressions, on broad gentle slopes by slope wash and wind, or as 
small coppice dunes capping terrace alluvium ,variable thickness 0-2 meters. 
 
Qer, Mixed eolian and residual deposits  
(middle(?) Pleistocene to latest Holocene) 
 
 Pale reddish-orange to light tan/white, windblown, well-sorted, mostly fine-
grained sand with scattered to common angular to subrounded, residual 
sandstone blocks derived from the Navajo Sandstone; occurs as sheets, 
mounds, and poorly formed dunes in shallow topographic depressions and on 
gently sloping surfaces (flats above the canyon walls) mostly on Navajo 
Sandstone; variable thickness <1-3 meters. 
 
Qap, Mixed alluvial/colluvial pediment (late(?)  
Pleistocene to late Holocene) 
 Dissected remnants of reddish-brown to red pediment surfaces, derived 
primarily from the Kayenta formation, moderately to poorly sorted, boulder- to 
clay-sized sediment overlying weathered bedrock adjacent to basin-fill deposits; 
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the moderately well-drained soils on these landforms provide a good location for 
development, typically covered with Utah Juniper (Juniperus osteosperma) 
compared to the surface of the surround basin-fill which is covered with sparse 
sagebrush (Artemisia tridentate), 1- 5 m thick. 
 
Eolian Deposits 
Qed, Eolian sand dunes (late(?) Pleistocene  
to late Holocene) 
 Active to stabilized windblown sand deposited as parabolic dunes of well-
sorted coral pink fine sand, generally migrating to the east, derived primarily from 
the Navajo Sandstone, covered with sparse Utah Juniper (Juniperus 
osteosperma), 1-10 m thick.   
 
Colluvial Deposits 
Qcf, Active or abandoned colluvial fans  
(middle(?) to late Holocene) 
 Poorly sorted, nonstratified subangular to angular sandstone blocks with 
sand, silt, and clay; mostly derived from the Navajo Sandstone and upper 
Kayenta formation as well as volcanic flows; deposited primarily by slope wash 
and small debris flows on moderate slopes; fan-shaped morphology with an 
obvious point source, locally includes talus and alluvial deposits; generally less 
than 6 m thick. 
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Qc, Colluvial aprons (early(?)  
to late Holocene) 
Poorly sorted, nonstratified subangular to angular sandstone blocks with 
sand, silt, and clay derived mostly from Navajo Sandstone and Kayenta 
formation; deposited primarily by creep, slope wash, and rock fall on moderate to 
low angle slopes at the base of vertical bedrock walls; locally includes talus 
deposits; 2-5 m thick. 
 
Volcanic Activity 
Qb1, Quaternary basalt (late Quaternary) 
Dark blue/grey to black, vesicular basalt flow.  Fine-grained groundmass is 
mostly plagioclase and pyroxene, containing some visible olivine crystals.  Some 
very large vesicles filled in with olivine, but mostly secondary calcite and 
dolomite; visible weathered original flow structures can be seen; small pillow-like 
structures identified at the bottom of the flow, as well as columnar jointing along 
the length of the flow, flow is >3 km long, likely originated upstream from a 
proximal basaltic vent in the White Cliffs, 3-5 meters thick; crops out at modern 
river level, approximate age: 0.36 – 0.8 Ma.  (Note: Ar/Ar ages are pending from 
UNLV via UGS). 
 
Qb2, Quaternary basalt 2 (late 
to mid Quaternary) 
Dark grey to black, aphanitic to slightly porphyritic columnar basalt.  Small 
phenocrysts composed of olivine.  Flow is approximately 5.5 meters thick at the 
distal end, crops out about 40 meters above the modern channel in the 
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northernmost part of the field area (Plate 1), is >8 km long, likely originated from 
the proximal basaltic vent in the White Cliffs, approximate age: 0.5 – 1.1 Ma.  
(Note: Ar/Ar ages are pending from UNLV via UGS). 
 
Other 
Qfill, Man-made fill 
 Poorly sorted, nonstratified sand, silt, and clay with subangular to angular 
sandstone blocks, disturbed by human activity, engineered as erosion control 
structures typically at the mouth of larger tributaries near Highway-89 and private 
homes near town, also found under roadways as fill and as earthen dams, 2-5 m 
thick. 
 
Mb, Undifferentiated Mesozoic bedrock 
 Mostly composed of Navajo Sandstone and Kayenta formation.  See 
Sable and Hereford, 2004 and Hayden, 2006 for detailed map of bedrock units. 
 
Integrated Mapping and Geomorphology 
 Three distinct terrace surfaces were identified along Kanab Creek from the 
White Cliffs to the Vermillion Cliffs.  The terrace highest off the modern channel is 
Qat4 (17-40 m), the middle terrace is Qat2/3 (6-24 m), Qat2 (6-18 m), or Qat3 (7-
24 m) depending on if Qat2 and Qat3 can be differentiated.  The lowest terrace is 
Qat1 (3-5 m).  In general, Qat2, Qat2/3, Qat3, and Qat4 are composed of tabular 
to broadly lenticular fine-grained, tan, coral pink, yellow, and brown silty sand 
with interbedded yellow to pale-gray verigated clay.  These sediments typically 
lack colluvial units derived from the breakdown of Navajo Sandstone and 
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Kayenta formation (hematite stained quartz sand) from the adjacent hillslopes.  
This indicates relatively rapid fluvial aggradation and constant overtopping of the 
floodplain, leaving little time for colluvium to accumulate.  However, there were 
brief periods of stability during this overall aggradation regime for soils to 
develop.  Multiple moderately developed buried soils are seen within the 
stratigraphy.  Some near the top of the terrace sequences have moderate 
structural development and chemical precipitation (Bt and Bk horizons) to 
suggest subaerial conditions long enough to allow pedogenic alteration.   
The treads and terrace slope of Qat3 (possibly Qat2/3) exhibit scrolling, 
and small cut-and-fill deposits (Qa3) as Kanab Creek was migrating and incising 
(~3ka).  Figure 16 shows that most of Qat3 is composed of the Qa4 fill because 
the fine-grained sand and clay units can be traced for several tens of meters 
under the Qat4 and Qat3 map and geomorphic units.  This Qa4 fill is overlain by 
a small amount of Qa3 alluvium (represented by the irregular soil and scrolling 
alluvium) (Figure 16).  Qat2 is a fill terrace inset into the toe of Qat3 (Figure 16).  
This stratigraphic site in the Middle reach is a revisited site from Smith (1990) 
and is one of a few locations where the contact between Qat2 and Qat3 is 
known.  Where this contact is not known, Qat2/3 is used to denote the middle 
terrace.  The surface of the middle terrace (Qat2, Qat2/3, and Qat3) was the 
floodplain of Kanab Creek prior to the historical arroyo cutting (Webb et al., 
1991). 
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Inset deposits that post-date the 1880 AD incision are Qat1, Qam, and 
Qah.  These are differentiated based on their elevation off the modern channel 
and their sedimentology.  Qat1 is a coarse-grained, fluvial gravel deposit 3-5 
meters above the modern channel.  Qam are modern and active channel 
deposits, and the Qah are historically active channel alluvium deposited mostly 
between 1940-1980 AD based on repeat aerial photography and map analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Middle reach strat site. A) Picture showing the cut-fill relationship 
between Qat3 and Qat2.  Inset picture is of coarser-grained, dipping cross 
stratification facies (Sc) found in Qa1.  B) Red numbers are 14C ages, italicized 
are from Smith, 1990 and bold are new ages.  Green numbers are preliminary 
OSL ages.  See Tables 3 and 4 for radiocarbon and OSL ages. 
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In addition to alluvium, colluvial (Qc) and mixed eolian and alluvial 
deposits (Qae) are prominent map units capping the highest Qat4 terrace in the 
upper and middle reaches, and they all blanket the basin fill alluvium in the lower 
reach.  Also found in the lower reach is mixed alluvial and colluvial pediment 
(Qap), which overlies weathered bedrock and underlies basin-fill deposits.  Mixed 
eolian and residual deposits (Qer) occur on the gentle slopes mostly on Navajo 
Sandstone bedrock throughout much of the field area.  In the Upstream reach, 
Qer blankets the base of the White Cliffs and the prominent terraces are not well 
preserved and disappear (Plate 2).   
Two basalt flows in the upper reach are distinguished based on their 
height above the modern channel (Qb1 and Qb2).  The older basalt flow, Qb2, 
forms a prominent ridge 40 meters off the modern channel and is ~5.5 meters 
thick at the very northern part of the field area.  It is dark grey to black, aphanitic 
to slightly porphyritic columnar basalt.  Small, millimeter-sized phenocrysts are 
composed of olivine.  The approximate age of this basalt flow is 0.5-1 Ma (Best 
et al., 1980).  The younger basalt flow, Qb1, outcrops at modern river level and is 
~3-6 meters thick.  Qb1 is a dark blue/grey to black, vesicular basalt flow.  The 
fine-grained groundmass is mostly plagioclase and pyroxene, containing some 
visible olivine crystals.  Some very large vesicles are filled with mostly secondary 
calcite.  This unit forms the prominent basalt knickpoint seen in the modern river 
longitudinal profile, which is ~10 meters thick.  Samples from this flow and the 
higher, older flow have been submitted to University of Nevada, Las Vegas 
(UNLV) for Ar/Ar dating through the Utah Geological Survey (UGS).  The 
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younger basalt flow is approximately 0.36-0.8 Ma based on other dated flows 
from the region (Best et al., 1980).   
 
Sedimentology and Stratigraphy 
Twelve facies were identified throughout the various alluvial deposits 
along Kanab Creek (Table 1, Figure 17).  Facies codes are based upon grain 
size (capital letter), texture and/ or sedimentary structure.  Buried soils were 
described and classified in addition to sedimentary facies identification.  Qat2 
and Qat4, contain multiple buried soils as well as fine-grained clay deposits that 
are indicative of stable periods in an overall aggrading system.  Stratigraphic 
sections not presented below are found in Appendix B. 
 The most abundant sandy facies in the basin fill, Qa2, and Qat4 deposits 
is massive sand (Sm) (Table 1).  These units are coral pink (2.5YR7/6) to light 
tan (7.5YR7/6), up to 50 cm thick, tabular to broadly lenticular, moderately well 
sorted, medium to fine sand, and structureless (Figure 17).  Because there is 
also a large portion of weak paleosols in the stratigraphy that directly overlie 
massive sand units, it can be inferred that these massive sand units may have 
lost their original sedimentary structures due to bioturbation (Figure 18).  The few 
massive sand units that are not associated with paleosols are interpreted as 
overbank sediments deposited during sediment-laden flood events.   
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TABLE 1: FACIES DESCRIPTION FROM KANAB CREEK 
* Pictures for each facies found in Figure 17 
Facies 
Code* Facies Texture 
Depositional Sedimentary 
Structures Environment Qa Interpretation 
Gccb Clast-supported cobbles 
(6.4-25.6cm) to boulders 
(>25.6cm), may be pebbly 
(2mm-64mm) 
 
Normal to inverse 
grading 
Channel deposit Qa1 
Gcc Clast-supported cobbles, 
may be pebbly 
 
Normal to inverse 
grading 
Channel deposit Qa1, 
Qabf 
Gmch Matrix-supported 
cobbles, may be pebbly 
 
Crudely bedded 
or imbricated 
Debris flow or mass 
movement 
Qa1, 
Qabf 
Gmc Matrix-supported 
cobbles, may be pebbly 
 
Normal to inverse 
grading 
Debris flow or mass 
movement 
Qa1, 
Qabf 
Sh Sand, v. fine to coarse, 
may be pebbly 
 
Horizontally 
bedded 
Plane bed flow Qa2, 
Qa4, 
Qabf 
 
Sl Sand, v. fine to coarse, 
may be pebbly 
 
Low angle 
crossbeds 
Transverse or 
linguloid bedforms 
Qa2, 
Qa4 
St Sand, v. fine to coarse, 
may be pebbly 
 
Trough 
crossbeds 
Bedform migration Qa2, 
Qa3, 
Qa4 
Sr Sand, v. fine to coarse, 
may be pebbly 
Ripple crossbeds Ripples, lower flow 
regime 
Qa2,
Qa4, 
Qabf 
 
Sc Sand, v. fine to coarse, 
may be pebbly 
 
Cross 
stratification 
Migrating channel Qa1, 
Qa2, 
Qa3, 
Qa4, 
Qabf 
 
Sm Sand, v. fine to coarse, 
may be pebbly 
Massive Overbank flood 
deposit or 
bioturbated 
Qa2, 
Qa3, 
Qa4, 
Qabf 
 
Fsm Silt, clay Massive, or thin 
laminations 
Overbank or 
waning flood 
deposit 
 
Qa2, 
Qa4 
Fsmv Variegated silt and clay Thin bedding Marsh or cienega Qa2, 
Qa4, 
Qabf 
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Figure 17:  Photographs of facies associations located in Table 1. 
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Horizontally bedded (Sh) sand is the next abundant sandy facies 
throughout the older, higher terrace deposits along Kanab Creek and within the 
basin fill (Figure 17).  These units are up to 40 cm thick, tabular to broadly 
lenticular, well-sorted very fine to fine sand, and have centimeter-scale planar 
beds.  Plane beds are interpreted to be deposited during a single hydrological 
event in regimes where flow competence was reduced (Prothero and Schwab, 
2004).  In a semi-arid environment such as southern Utah, storms can drastically 
change the competence of ephemeral streams in a short period.  Often hit by  
 
 
Figure 17 (continued):  Photographs of facies associations located 
in Table 1. 
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fierce short-term storms, these streams are very flashy with ever changing flow 
conditions.  Plane beds found in the deposits along Kanab Creek typically 
represent periods of rapid deposition (Figure 19). 
The next most abundant facies in these terrace deposits is trough 
crossbedded sands (St) (Figure 17). These units range from 25cm to 2.5 meters 
thick, are amalgamated into lenses, very fine to medium sand that may contain 
small mm-sized pebbles, are poorly to well sorted, and bedding thickness ranges 
from the centimeter to decimeter scale (Figure 20).  Trough cross-bedded sand 
units are interpreted as preserved migrating bedforms, such as ripples or dunes, 
during low flow conditions (Miall, 2000).  The modern channel can be an analog 
to this ancient depositional environment.  The bed today is sand dominated, and 
on a day-to-day basis experiences low flow regime conditions.      
Sandy facies that make up only a minor component of terrace deposits 
and basin fill are rippled sands (Sr) and cross-stratified sands (Sc) (Figure 17).   
Rippled sands are typically 35-60 cm thick of very fine to coarse sand, and may 
pinch out.  One unit in particular, the target sand for USU-423 located at Smith’s 
site 2 near Kanab, is a lens of sand about 1-2 meters long and tapers off within 
the stratigraphy.  Cross stratification sand (Sc) is seen at the erosional contact 
between Qat1 and Qat2 (Figure 16).  These pebbly sands dip at less than 30 
degrees towards Qat2, and represent migrating and backfilling of Kanab Creek 
after incision.   
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A) 
USU-285 
Gmc 
Sm 
P 
Sh 
P 
St 
Figure 19:  A) Top picture is of USU-361 and lower picture is of 
USU-285, from Qat3 in the Upstream Reach.  B)  Stratigraphic 
section of the lower Qa4 and upper Qa3 fill deposits underneath the 
Qat3 geomorphic surface in the Upper Reach.  Age of USU-285 is 
5.12 ± 0.49ka (Qa4), and USU-361 is 2.02 ± 0.61 ka (Qa3).  See 
Plate 2 for locations. 
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B) 
Figure 19:  A) Top picture is of USU-361 and lower picture is of USU-
285, from Qat3 in the Upstream Reach.  B)  Stratigraphic section of the 
lower Qa4 and upper Qa3 fill deposits underneath the Qat3 geomorphic 
surface in the Upper Reach.  Age of USU-285 is 5.12 ± 0.49ka (Qa4), 
and USU-361 is 2.02 ± 0.61 ka (Qa3).  See Plate 2 for locations. 
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The finer-grained silt and clay fraction sediments are prominent 
stratigraphic markers within the stratigrpahy, but are not a major component of 
the terrace deposits (Figure 21).  The horizontally bedded silts and clays are 
typically tabular to broadly lenticular, can be traced for 100+ meters, are yellow to 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: A) Picture of the top of the outcrop of Qat3.  B) Stratigraphic 
section of the Qa4 deposit under the Qat3 geomorphic surface in the 
Middle Reach OSL sample, USU-292, is 4.52±0.75 ka from the Qa4 fill 
deposit.  See Plate 2 for location. 
A) 
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Figure 20: A) Picture of the top of the outcrop of Qat3.  B) Stratigraphic 
section of the Qa4 deposit under the Qat3 geomorphic surface in the 
Middle Reach OSL sample, USU-292, is 4.52±0.75 ka from the Qa4 fill 
deposit.  See Plate 2 for location.
B) 
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Figure 21:  Stratigraphic section of the Qa4 deposit under the Qat3 
geomorphic surface in the Middle reach.  Picture of this outcrop is located 
in Figure 13.  Age of USU-363 is 6.34 ± 4.53 ka, the large error is due to 
the high degree of partial bleaching in the sample.  See Plate 1 for location. 
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gray, sometimes variegated, up to 1.8 meters thick, and may be laminated (Fsm, 
Fsmv) (Figure 17).  In addition, floodplain gastropods were found in these units 
as well as small bivalves.  Similar to the modern channel today, there are 
extensive marshy areas on the floodplain where fine-grained sediments settle 
during waning flood events.  These cienegas can remain moist for long periods of 
time and can cover large areas of the floodplain.  In the modern floodplain, they 
are commonly overgrown with vegetation, or overhanging bedrock at a cutbank 
protects them from direct sunlight.   
Matrix and clast supported gravel facies are only found in the younger fill 
deposit, Qat1, and are a minor component of the basin fill (Figure 17).  Matrix 
supported pebble gravel facies (Gmc, Gmch) are up to 1.5 m thick and 
geometrically form broad lenses.  The matrix is fine to coarse sand, and clasts 
are primarily limestone, sandstone, and basalt gravels (Figure 22).  Matrix 
supported gravels are interpreted to be debris flow deposits or other mass 
movement deposits because they are poorly sorted.  These deposits may be 
derived from the upstream reaches of Kanab Creek or tributaries during flash 
flood events.   
Clast supported gravel, cobbles, and a few small boulders (upstream 
reach) range from 45cm to 1.5 meters thick and are typically broad lenses (Gcc, 
Gccb) (Figure 17).  Clasts are composed mostly of limestone, sandstone, and 
basalt with minor amount of mud nodules (Figure 23).  Some gravels may 
show slight imbrication.  These facies are interpreted to be channel deposits, 
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and the increase in coarse bedload suggests a different sediment source, (i.e. 
headwaters for Qat1 versus hillslope sediment for Qat2, Qat2/3, Qat3, and Qat4, 
and an increase in capacity during the time of deposition).     
The basin fill, Qabf, is composed of horizontally bedded to broadly 
lenticular fine-grained deposits with minor meter-scale interbedded matrix or clast 
supported channel gravel units (Gmc, Gmch, Gcc).  The majority of facies 
preserved are ~1-meter thick, fining upward sands with a clay or silt cap, typically 
stacked on top of one another, indicating waning flood conditions (Sm).  Other 
facies include rippled sand up to 50cm thick (Sr), and variegated silty clay units 
(Fsm, Fsmv).  In the lower reach, the arroyo walls are moderately cemented with 
a red mud drape derived from the Kayenta Formation during runoff from storms.  
Excluding Qat1, terrace and basin fill deposits are primarily composed of 
fine-grained tabular to broadly lenticular beds that can be traces for 10’s to 100’s 
of meters with little to no appreciable dip or gradient.  Lenticular channel gravel 
deposits are rare and only comprise a few percent of the total volume of the Qa4, 
Qa3, and Qa2 deposits.  The geometry of the deposits, their sedimentology, 
continuity and presence of cienga-type fine-grained deposits suggests that most 
of the sediments comprising the bulk of the 20-30 meter Qa4 fill and the 10-20 
meters Qa2 fill are from overbank flood or broad shallow channel deposits.  In 
contrast, the Qa3 alluvium in the middle and upstream reaches comprises only a 
minor component of Qat2/3 and Qat3 (0-3 meters thick).  This coarser-sand and 
sometimes cross bedded units represent the bed of Kanab Creek as it was 
incising in these reaches.  Therefore, the Qa3 alluvium in the upper two reaches 
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was deposited while in an incising state, while the Qa3 found in the basin-fill is 
aggradation of the eroded Kanab Creek alluvium from upstream.  
 
Survey Results   
 Eight Real-Time Kinematic GPS surveyed cross-sections illustrate varying 
heights for each terrace tread above the modern channel.  Survey locations, 
cross sections and data are available in Appendix A.  In the upper reach, Qat4 is 
17-25 meters above the modern wash and Qat2, Qat2/3, and Qat3 are all 10 
meters or less above the modern channel.  The middle reach is where Qat4, 
Qat3, Qat2/3, Qat2 are the highest off the modern channel.  Here, Qat4 is 30+ 
meters above the modern channel and Qat2, Qat2/3, and Qat3 are ~18 meters 
off the modern channel.  Well data from drilling that was done in the middle reach 
in 2001 suggests that the depth to bedrock in this reach is less than 3 meters, the 
location of this drill site is on Figure 4 (Wright Drilling Inc., 2001).  Qat1 is a 
smaller and less extensive deposit; however, it exhibits the same pattern as 
Qat2, Qat2/3, Qat3, and Qat4, where it sits higher off the modern channel in the 
middle reach than the upstream reach.  In general, the height of Qat4 varies 
between 17-32 meters, Qat3 varies between 7-18 meters, Qat2 and Qat2/3 
varies between 6-18 meters, and Qat1 varies between 3-5 meters above the 
modern channel where surveyed.  These surveys suggest that the most incision 
along this field area has occurred in the middle reach because the terrace 
deposits here are the highest off the modern channel.  The depth to bedrock in 
the lower reach is much deeper than the middle and upper reaches.  In the lower 
reach, well records from drilling operations in the arroyo near the town of Kanab 
 
85
suggests that the depth to bedrock below the modern channel is around 33 
meters, the location of this drill site is on Figure 4 (Wright Drilling Inc., 2001).  
Therefore, incision in the lower reach did not wane because the channel hit 
bedrock; rather, it stopped by some other factor.  This other factor was largely 
controlled by the construction of the Irrigation Dam.  This erosion control 
structure was built to prevent future incision upstream.  The dam forces Kanab 
Creek to flow over a bedrock ledge just north of Kanab, UT, creating a large 
knickpoint in the longitudinal profile, artificially raising the local base level.  As a 
result of this artificial base level, the concavity of Qat1 and the modern river are 
affected.  The concavity results of Qat4 and Qat2/3 presented below are not 
affected by this dam because it was built after these terrace surfaces formed.     
 
Longitudinal Profile Results  
 The longitudinal profile of the modern channel illustrates the overall 
concavity of the modern channel as well as the size, number, and spatial 
distribution of the knickpoints within the field area.  The total elevation drop of the 
modern channel over the 60 km2 field area is 230 meters.  Two prominent 
knickpoints are evident in this longitudinal profile (Figure 24). 
The upstream basalt knickpoint is ~3.7 km from the head of the field area 
(Figure 25).  This knickpoint is ~ 6 m tall and is associated with the flow front of 
the younger Quaternary basalt flow (Qb1).  The expression of this knickpoint in 
the profile is represented by the total thickness of the basalt flow at this outcrop 
because small (2-5cm in diameter) pillow-like nodules are exposed at the base of 
the basalt.  These pillow-like features suggest that lava was flowing over  
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Figure 25:  Referenced 
sites from the longitudinal 
profile results. 
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saturated sediments or into pooled water during the time of cooling (Figure 26).  
This Quaternary basalt flow (Qb1) is infilling and preserving an older channel 
paralleling the modern river’s course.   
 
 
The second more prominent knickpoint is downstream at the Irrigation 
Dam, 1.5 km north of Kanab along HWY-89.  At this man-made knickpoint, 
Kanab Creek has been forced to the east side of the valley and is artificially 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mb
Qb1
~5cm 
pillow 
Figure 26:  Contact between Quaternary basalt (Qb1) and Jurassic Navajo 
Sandstone (Mb).  Pillow-like features preserved at the bottom of the flow 
indicate the basalt flow was flowing over water or saturated sediments along a 
paleo-Kanab Creek. 
5 cm 
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flowing over Navajo and Kayenta bedrock and is being held at this location by a 
concrete dam.  The Irrigation Dam was built prior to 1934, to prevent knickpoint 
migration and further incision upstream (Webb et al., 1991).  Here, the river 
drops ~25 meters in elevation.  Downstream from this point the Qat4 terrace 
surface converges with the Qat2/3 and Qat2 surface, and Qat2 becomes the 
basin fill surface.   
The extrapolated longitudinal profile for each terrace tread illustrates 
variation in height above the modern channel, as well as trends in stream 
gradient (Figure 27).  A concavity index for each terrace deposit and the modern 
channel was calculated over the same reach, from the base of the basalt 
knickpoint to the top of the irrigation dam knickpoint.  Note that the irrigation dam 
knickpoint artificially raises the concavity of Qat1 and the modern channel 
because it prevented erosion to a natural lower graded profile in the reach 
upstream of the dam (Figure 27). 
Table 2 shows the results for each terrace profile calculated from area 
measurements in Image J.  These results suggest that Qat1 has the largest 
concavity, while Qat4 has the lowest concavity.  Overtime, concavity and incision 
along Kanab Creek have increased since aggradation of Qat4.   
As previously mentioned, the shape of a river’s longitudinal profile is 
influenced by climate, tectonics, and bedrock factors.  The bedrock throughout 
most of the field area is uniform and primarily Navajo Sandstone until the Creek 
reaches the Vermillion Cliffs.  Therefore, bedrock is not a main driver of concavity 
change over the length of the field area.  Tectonic influences can also be ruled 
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TABLE 2:  CONCAVITY RESULTS FROM IMAGE J 
Shape Area! Concavity 
Index 
Qat4 profile 
(right triangle) 
0.09 
(7.23) 0.01 
Qat2/3 profile 
(right triangle) 
0.55 
(7.3) 0.07 
Qat1 profile* 
(right triangle) 
1.1 
(7.0) 0.16* 
Modern river 
profile* 
(right triangle) 
1.48 
(7.3) 0.20* 
Qat1 profile# 
(right triangle) 
0.45 
(9.6) 0.05
# 
Modern River 
profile# 
(right triangle) 
0.87 
(9.7) 0.09
# 
  * Influenced by presence of Irrigation Dam 
  # Influence of Irrigation Dam removed by using the projected profile as shown in 
Figure 27 
! In Pixels 
" Length of river used for Longitudinal Profile is 11.5km  
  (Figure 27) 
 
 
out because the central Colorado Plateau in general is experiencing little activity.  
Figure 3 shows the longitudinal profile of Kanab Creek along its entire length.  
This figure illustrates that Kanab Creek is fixed on bedrock upstream and 
downstream of the field area.  This is important because within the field area 
Kanab Creek is uniquely situated in an alluvial reach.  Concavity changes in this 
alluvial reach (or within the field area) are independent of base level change, 
such as large-scale bed elevation rise or fall of the Colorado River in Grand 
Canyon. The gradient of Kanab Creek downstream of the field area as it 
traverses the North Rim of the Grand Canyon is fixed over middle to late 
Holocene time.  Therefore, changes in concavity in this alluvial reach are 
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primarily influenced by climate change.  However, the concavity of more recent 
deposits (Qat1) is influenced by human activity such as the construction of the 
irrigation dam.   
 The terrace deposits and associated concavity indexes are recording the 
drainage oscillating between two hydroclimatic regimes.  For example, Qat4 has 
the lowest concavity (0.01) of the terraces and modern channel.  A low concavity 
is associated with low peak discharges and higher sediment loads (Figure 28) 
(Zaprowski et al., 2005).  A higher concavity, like that of the modern channel, 
0.09 without the influence of the Dam, is associated with higher peak discharges, 
flashier flow, and lowered sediment load (Zaprowski et al., 2005).  The modern 
arroyo, in its incised state, agrees well with the previously proposed concepts 
that arroyos incise during periods of decreased sediment supply and increased 
flood frequency (Bull, 1991; Hereford, 2002).     
 
OSL and 14C Results   
 Fifteen new OSL and three new 14C ages for the terrace deposits and 
basin fill were obtained in this study.  Table 3 shows the three new 14C samples 
and previous results from Smith (1990) which have been calibrated to years 
before present using the Calib 5.0.2 Program (Stuiver et al., 2005).  The new 
samples collected in this study were small pieces of charcoal and were sent to 
Beta Analytic, Inc. for analysis using Accelerated Mass Spectrometry 
radiocarbon dating.  Appendix C contains detailed results of the radiocarbon 
samples sent to Beta Analytic, Inc.  As a note, it is unknown the type of material 
Smith (1990) used for his radiocarbon analyses.   
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TABLE 3:  RADIOCARBON AGES FROM KANAB CREEK 
 
 
 
 
Deposit 
(map unit) 
14C age 
 calibrated age  Depth 
(cal yr BP) Beta # UTM (m)  
Qa2 
(Qat2) 420+/-40 330 - 520 Beta-256843 8 
4109071 N, 
362815 E 
Qa2 
(Qabf) 570+/- 70 508 - 664 
N/A - Smith, 
1990 ~8 
4102770 N, 
363135 E 
Qa2 
(Qat2) 485+/-90 421 - 656 
N/A - Smith, 
1990 ~10 
4109071 N, 
362815 E 
Qa2 
(Qat2) 625+/-70 523 - 680 
N/A - Smith, 
1990 ~12 
4109071 N, 
362815 E 
Qa3 
(Qabf) 
2955+/-
60 2953 - 3271 
N/A - Smith, 
1990 ~20 
4102770 N, 
363135 E 
Qa3 
(Qabf) 
2420+/- 
60 2346 - 2618 
N/A - Smith, 
1990 ~20 
4102770 N, 
363135 E 
Qa4 
(Qat4) 
3320+/-
60 3440 - 3692 
N/A - Smith, 
1990 ~4 
4109071 N, 
362815 E 
Qa4 
(Qat4) 
3460+/-
40 3630 - 3840 Beta-256844 4.5 
4109112 N, 
362673 E 
Qa4 
(Qat4) 
3560+/-
50 3704 - 3977 
N/A - Smith, 
1990 ~4.5 
4109071 N, 
362815 E 
Qa4 
(Qabf) 
3690+/-
40 3910 - 4150 Beta-256845 5 
4108441 N, 
362190 E 
Qa4 
(Qat3) 
4460+/-
90 4861 - 5313 
N/A - Smith, 
1990 ~20 
4109071 N, 
362815 E 
Qa4 
(Qabf) 
4460+/ 
390 4067 - 5950 
N/A - Smith, 
1990 ~20 
4102770 N, 
363135 E 
Qa4 
(Qat4) 
4360+/-
90 4815 - 5297 
N/A - Smith, 
1990 ~25 
4109071 N, 
362815 E 
Qa4 
(Qabf) 
5345+/-
90 5934 - 6291 
N/A - Smith, 
1990 ~25 
4102770 N, 
363135 E 
Qa4 
(Qabf) 
4980+/ 
85 5590 - 5905 
N/A - Smith, 
1990 ~27 
4102770 N, 
363135 E 
Italic ages are from Smith, 1990 and depths for these samples are approximated; 
new ages are in bold. 
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The OSL samples along with two OSL samples collected previously by the 
Utah Geological Survey (UGS) are shown below in Table 4.  Accepted aliquots 
for these samples range from 10 to 54.   
One major limitation to OSL dating that is typical of flashy drainages is 
partial bleaching of sediment during transport.  Partial bleaching occurs when the 
luminescence signal is not fully zeroed by sunlight, leaving a residual signal.  
This produces equivalent doses of differing magnitudes at the time of deposition 
and can produce anomalously old ages (Olley et al., 1999).  The cumulative 
frequency curve, which plots the distribution of equivalent dosed, is generally the 
first place to look if a sample is suspected to be partially bleached.  The more 
asymmetric the population distribution, or positively skewed, the greater the 
probability the aliquots with the lowest dose are the closest to the burial age 
(Olley et al., 1999).  For example, the mean and standard deviation for a sample 
from Qat3 in the upstream reach (USU-285) is 8.94 ± 6.12 ka, based on 26 
accepted aliquots that have passed rejection criteria.  Rejection criteria include 
those equivalent doses that are above the highest regenerative dose, have 
greater than 10% recuperation of the natural signal, greater than 3 standard 
deviations from the mean of the sample population, and/ or have >70% error on 
equivalent dose calculation.  Even still, acceptable equivalent doses for this 
sample range from 1.95 – 17.74 greys.  An older population can be identified on 
the cumulative probability curve as well as from the histogram in Figure 29.  The 
probability sum of the weighted equivalent doses (De) highlights the large 
population of young equivalent doses, with a tail of larger equivalent doses.   
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Figure 29:  Cumulative Probability Curve and Histogram chart for USU-285.  
Optical age is 5.12 ± 0.49 ka based on 26 accepted aliquots using the 
Minimum Age Model (MAM).  Note that the Mean and Central Age Model 
(CAM) selected a De where there was no real data. 
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To determine the well-bleached population and the best representation of the 
true age from this distribution, the Central Age Model and Minimum Age models 
of Galbraith et al. (1999) were explored.  
 The Central Age Model (CAM) generally produces a similar age for a 
sample as the mean with standard deviation.  However, it is a more sophisticated 
method in terms of statistical analysis rather than just the standard mean of a 
population.  The CAM uses a random sample of true log paleodoses from a 
normal distribution rather than unlogged paleodoses (Galbraith et al., 1999).  The 
CAM also calculates the over-dispersion of a population.  Over-dispersion values 
over 20% are influenced not only by unavoidable instrumental errors, but also by 
equivalent dose calculation errors.  For Kanab Creek samples, the CAM is only 
reliable for two out of the fifteen samples analyzed (Table 4).  Most of the 
samples from Kanab Creek had some population of poorly bleached grains and 
therefore relied on a method for choosing the lowest equivalent doses, or those 
that were well bleached.  The method used here was the Minimum Age Model 
(MAM) by Galbraith et al., (1999).  The MAM is like the CAM in that it uses the 
true log paleodoses, but these are a random sample from a mixed truncated 
normal distribution.  In addition, the parameters used to build the truncated 
normal distribution are computed numerically by using an optimization program 
(Galbraith et al, 1999).  The MAM worked well for estimating the true equivalent 
dose for the partially bleached samples; however those that were well bleached, 
i.e. USU-423, were underestimated by the MAM.  Although most OSL ages are 
slightly older than their radiocarbon equivalents, the results from both dating 
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methods fall within error of each other and exhibit the same age patterns 
throughout the various deposits (see Figure 16 for example).   
 Preliminary OSL and calibrated 14C age ranges for the deposits along 
Kanab Creek cluster into 4 main age groups: ~6 -3.5 ka, ~3->1 ka, and 0.7-0.3 ka 
(see Tables 3 and 4 for ages and reported errors) (Figure 30).  The Qa4 deposits 
(Qat4, Qat3, Qat2/3, and Qabf map units) range between ~6-3.5 ka.  These 
deposits preserve a major aggradational event along Kanab Creek of up to 30 
meters during this time.  After ~3.5 ka, Kanab Creek incised ~10 meters in the 
upper reach and ~20 meters in the middle reach, creating the Qat3 and Qat2/3 
geomorphic terrace (Figure 27).  Coarse, cross-bedded sand preserves the bed 
of Kanab Creek as ~2ka alluvium (Qa3) during incision in the middle and 
upstream reaches (see Figure 19).  This Qa3 alluvium is only a thin veneer and 
caps Qa4 alluvium underneath Qat3 and Qat2/3.  Incision in the lower basin fill 
reach extended to 30 meters depth and package of sediment (Qa3) representing 
at least 20 meters of aggradation was deposited between ~3->1 ka (Figure 11 
and 31).  The upstream incision and downstream aggradation recorded in this 
unit (Qa3) may record a complex response of Kanab Creek to an internal forcing 
that caused incision (Schumm, 1973).  Following initial incision, sediment 
generated from upstream overwhelms the lower reach causing aggradation.  
Following and/or during deposition of Qa3, Kanab Creek incised 10-20 meters 
from the Qat3, Qat2/3 terrace level in the middle and upper reaches to near the 
level of the modern river.  The gap in ages between Qa3 and Qa2 suggests this 
incision occurred after ~2ka and prior to 0.7ka (most likely between 1-1.5ka). 
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Qa2 fill deposits (Qat2, Qat2/3, and Qabf map units) range in age from 
~0.9-0.3 ka based on OSL and 14C ages.  These deposits should be as young as 
~120 years because the pre-arroyo cutting floodplain of historic time was at the 
level of the Qat2 and Qat2/3 terrace tread in the middle reach as well as the Qabf 
surface near the town of Kanab, UT.  Although there is no age control for Qa1, 
geomorphic relations and historic accounts indicate that Qat1 was deposited 
after historical arroyo cutting and is <120 years old.   
 The >30 meter thick basin fill is composed of multiple fill deposits, which is 
highlighted by the range in optical and 14C ages (Figure 31).  This represents the 
complexity of the basin fill stratigraphy.  For example, the oldest deposit found in 
the basin fill is >60 ka (USU-365).  A UGS sample collected from an outcrop 
proximal to this 60 ka site and from a comparable depth, is only 11.24±0.84 ka 
(USU-114).  Unconformities in the basin fill are very subtle and not always easy 
to identify due to horizontal disconformities and the thick amount of clay pasted 
to the arroyo walls.  However, optical dating has helped resolve at least five 
periods of aggradation in the basin fill reach: 0.12-0.5 ka, ~2-3 ka, ~4.8 ka, 8-11 
ka, and ~60 ka.  The ~4.8 ka sample, USU-423 (4.75±1.24ka), is confirmed by a 
radiocarbon sample collected by Smith (1990) from 0.5-1 meter below this 
sample that produced an age of 4.98±0.85 14C yr BP (Figure 31).  This 
geochronologic data will be of most importance in the next section for discussing 
Kanab Creek’s correlation to regional Holocene alluvium as well as the regional 
paleoclimate record. 
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CHAPTER V 
SYNTHESIS OF THE RESEARCH 
 
OSL and radiocarbon ages provide a coherent chronology for interpreting 
the timing of fluvial aggradation along Kanab Creek.  Kanab Creek within the 
study area has aggraded at least three times since the middle Holocene:  6.0-3.5 
ka (Qa4), 3-> 1ka (Qa3), 0.7-0.12 ka (Qa2).  In addition, more recent deposition 
following the 1880-1900 AD arroyo cutting period is preserved as much smaller 
deposits in the arroyo bottom (Qa1, Qah, Qam).  Depth of bedrock incision of the 
upper reach prior to deposition of Qa4 is preserved by the elevation of two basalt 
flows in the upstream reach, although these flows are much older than middle 
Holocene timescales.  For this discussion, deposits comprising terraces will be 
described as Qa4, Qa3, Qa2, and Qa1, while the use of Qat4, Qat3, Qat2/3, 
Qat2, and Qat1 map unit names will be reserved for discussion of geomorphic 
terrace surfaces.  The following discussion will be organized as a timeline 
approach, alternating between aggradation and incision fluvial cycles from oldest 
to youngest. 
 
Interpretations and Discussion 
Basalt flows derived from volcanic vents located above the White Cliffs 
provide evidence for the timing and level of bedrock incision in the upper reach of 
Kanab Creek (Qb1, Qb2) (Plate 2).  At the very northern tip of the field area, 
there is a proximal 5.5-meter thick basalt ridge approximately 40 meters above 
the modern channel.  Under the assumption that basaltic lava flows downhill into 
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topographic lows, typically river valleys, this high basalt ridge (Qb2) most likely 
records the level of Kanab Creek, or at least a topographic low proximal to the 
creek, at the time of eruption.  The age of this flow is unknown at this time, but 
samples have been collected and sent to UNLV for Ar/Ar analysis courtesy of the 
Utah Geological Survey.  Similar basalt flows from the area range between 0.36 
Ma and 1.1Ma (Best et al., 1980).  Up to 40 meters of bedrock incision in the 
upper drainage must have occurred after the high Qb2 basalt flow because the 
drainage now lies below it.  A second, younger basalt flow is found within and 
alongside the modern river channel, and is stratigraphically below the base of the 
Qa4 deposit in the upstream reach.  This younger basalt flow provides a 
maximum constraint for the Qa4 fill as well as the cutting period prior to 
deposition of Qa4.  Pending Ar/Ar age results will confirm or deny the assumption 
that these two flows are separated in time.     
The most prominent aggradational event along Kanab Creek within the 
field area since the middle Holocene occurred ~6.0-3.5 ka (Figure 30).  The Qat4 
map unit makes up the majority of the mapping area and is the thickest and 
highest deposit found within the Kanab Creek alluvial valley.  The mid-late 
Holocene alluvial fill (Qa4) is composed mostly of tabular, fine-grained massive 
and horizontally bedded sands, silts and clay.  The lack of channel gravel facies 
and large amount of massive sandy and clayey units indicates more than 40 
meters of aggradation, mostly by overbank deposition, during this time.  With 
overbank deposition of sediment being the primary mode of aggradation, it is 
expected that the OSL samples collected in this study will have some degree of 
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partial bleaching.  In fact, all but two of the OSL samples (USU-423 and USU-
446) from the Qa4 alluvium and its age-equivalent in the basin-fill were 
incompletely zeroed during transport.  This is illustrated as positive skewness in 
the distributions for each of these samples, and as distribution types 2 and 3 
(examples found in Appendix C, Figure C-47).  Independent age control from 
radiocarbon dating methods is used for comparison, and also suggests partial 
bleaching.  When the mean and standard deviation for the OSL samples are 
considered, all but one age is overestimated by at least a thousand years, and in 
most cases much more.  Therefore, for most OSL samples collected from Qa4, a 
Minimum Age Model is necessary to calculate an accurate age estimate of the 
population of grains bleached at deposition.  This data suggests that between 6-
3.5 ka Kanab Creek aggraded up to 40 meters above its pre- 6ka position, which 
was similar to the modern river grade.  This amount of aggradation necessitated 
a large sediment supply to the drainage during this time, ultimately overwhelming 
the system with sediment.   
The concavity of the Qat4 tread is much less than those of Qat2/3 (Qat2 
and Qat3), Qat1, or the modern channel, even when the effects of the Irrigation 
Dam are removed from Qat1 and the modern channel (Table 2).  A less concave 
profile is associated with lower peak discharges and higher sediment loads 
(Zaprowski et al., 2005).  This is because the channel is being inundated with 
sediment and potentially depressed discharges are incapable of removing the 
newly deposited sediment in the channel.  As the channel is choked with more 
and more sediment, the bed of the channel is raised producing a profile that is 
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slightly convex upward.  A convex upward profile in general has a lower average 
gradient than a concave upward profile (Zaprowski et al., 2005).  Previous 
studies have shown that stream power is proportional to slope and discharge 
(Bull, 1991; Leopold, 1994).  It is inferred that during deposition and aggradation 
of Qa4 the stream power, discharge and flood regime along Kanab Creek was 
reduced. 
The regional climate change following 6 ka may be linked to fluvial 
aggradation at this time.  Prior to 6 ka, the Southwest was dominated by drought-
tolerant vegetation and increased dune activity (Reheis et al., 2005; Wilkins et 
al., 2005).  The low vegetation density and recently mobilized dune sand in 
combination with a changing climate may have lead to the dramatic increase in 
sediment supply starting ~6 ka.  In general, the Qa4 alluvium was deposited 
during a cooling trend that followed the mid-Holocene Altithermal, a warm and 
overall dry period on the Colorado Plateau.  The early Neoglacial period is 
characterized by increased glacial and periglacial activity in CO ad UT ~4.5-3.2 
ka, indicating regional cooling and possibly increased effective moisture during 
this time (Fall, 1997; Refsnider and Brugger, 2007).  It is around 5 ka that ENSO-
like climate variability increased and was at full strength by this time, bringing 
increased moisture to the Southwest (Sandweiss et al., 1996; Rodbell et al., 
1999).  In addition, lakes on the Kaibab Plateau show increased effective 
moisture prior to 2 ka (Weng and Jackson, 1999).  As a result of increased 
moisture in the region, chemical and physical weathering is enhanced, producing 
a high sediment yield (Bull, 1991).  The majority of the field area is in a narrow 
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canyon, with steep bedrock walls and short, steep hillslopes, leaving little 
accommodation space for the newly generated sediment (Plates 1 and 2).  Up to 
30 meters of aggradation recorded in the Qa4 alluvial unit aggraded during the 
cooler, wetter climate of the early Neoglacial interval following the warmer and 
drier Mid-Holocene Altithermal (Figure 32).   
Qa4 is a unique deposit because of its thickness and aerial extent within 
the Kanab Creek drainage.  This aged deposit is not mentioned as a major 
mappable unit in surrounding drainages, such as the Virgin and Paria Rivers 
(Hereford et al., 1996b; Hereford, 2002) (Figure 33).  However, an intermediate 
aged fill (6.3-4.3 14C yr BP) in the Paria River drainage is mentioned in Hereford 
(2002) but not discussed in detail.  This unit may correlate to the Qa4 alluvium 
(Qat4 map unit).  Although a deposit of Qa4 age may exist in the Paria drainage, 
these two surrounding drainages are dominated by landforms and deposits of the 
late to latest Holocene time (<3-1 ka).   
Incision episodes for Kanab Creek are inferred primarily from 
unconformities in the stratigraphic record and age control on fill deposits, except 
for the well-documented historical cutting.  The first of two incision events 
inferred from this record began ~3.5 ka (Figure 30), and is represented by the 
Qat2/3 and Qat3 terrace surface that was cut into Qat4; which is up to 15 meters 
lower in elevation than Qat4 (Figure 16).  This incision occurred in all geomorphic 
reaches of the field area, however, it was soon followed by deposition of Qa3 in 
the lower reach.  Therefore, for most of the period between 3- >1 ka, Kanab  
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Creek was in an incised state in the upper and middle reaches while the lower 
reach was in an aggradational state.  Following, fill-cut terrace formation in the 
upper and middle reaches, Kanab Creek continued to incise to near the modern 
river level before aggradation of Qat2. 
The Qa3 alluvium is ~8 meters thick in the lower reach (Figure 31), and 0-
3 meters thick in the upper and middle reaches.  There are two previously 
acquired radiocarbon samples that represent this alluvium in the basin fill (Smith, 
1990), and one OSL sample from the upstream reach.  The Qa3 alluvium (3-
>1ka) makes up only a small portion of the Qat2/3 and Qat3 map units because it 
is a thin veneer of scrolling alluvium capping the Qa4 fill (Figure 16).  The 
opposite is true for surrounding Paria and Virgin River drainages (Figure 33).  
These proximal drainages have mappable deposits and terraces that began 
aggrading ~2ka and finished ~0.9-0.8ka (Hereford et al., 1996b, Hereford, 2002).    
This incision and aggradation along Kanab Creek between 3.5 - >1 ka 
suggests a complex response to the forces causing incision in the upstream 
reaches (Schumm, 1973). The eroded sediment from upstream sources was only 
transported a short distance before being redeposited in the lower reach as the 
Qa3 alluvium.  This period of complex fluvial activity along Kanab Creek 
correlates to a cooling period, sometimes referred to as the late Neoglacial, 
indicated by periglacial activity ~2.5-1ka (Fall, 1997; Refsnider and Brugger, 
2007).  Increased water levels <2 ka in the Great Salt Lake basin and lakes on 
the Kaibab Plateau may signify increased winter precipitation from frontal storms 
(Madsen et al., 2001; Weng and Jackson, 1999).  
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Termination of this period of upstream incision and downstream 
aggradation is not well constrained for Kanab Creek, although the majority of the 
regional drainages that were aggrading during that same time had stopped 
sometime during the Medieval Climate Anomaly (1-0.6 ka).  Previous studies 
suggest that the Virgin River stopped aggrading and began to incise 0.7-0.8 ka 
(Hereford et al., 1996b).  The Paria River began to incise ~0.9 ka (Hereford, 
2002) (Figure 33).  The paleoflood chronology from Ely (1997) suggests that the 
number of large floods in the region began to increase between 2-0.8 ka.  More 
specifically, Ely’s (1992) paleoflood record for Kanab Creek suggests at least one 
large flood occurred ~0.8 ka which is roughly correlative with regional incision 
mentioned above (Hereford, 2002).    
Climate during the Medieval Climate Anomaly was relatively warm and 
dry, and ~50% of the western US was affected by severe drought conditions at 
1.2 ka to 0.7 ka (Cook et al., 2004).  Reconstruction of stream flow data from 
tree-ring records for the Colorado River at Lees Ferry highlights drought 
conditions ~0.9 ka (Meko et al., 2007).  A decade-long drought ~0.78 ka occurred 
in northwestern New Mexico from cool-season tree-ring records and is related to 
a weaker El Niño-Southern Oscillation (ENSO) (D’Arrigo and Jacoby, 1991).  
One way severe drought would affect fluvial processes is by the reduction in 
hillslope vegetation density and soil infiltration capacity.  This would cause 
precipitation and snowmelt runoff to increase, as well as stream power in 
channels.  The stream could then spend its extra energy on the channel bottom 
and cause arroyo incision.   
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Another cycle of fluvial aggradation in the middle and lower reaches 
began ~0.7 ka and ended in the 1880s AD, when historical arroyo cutting began.  
This alluvium is the Qa2 deposit and is a relatively minor fill terrace that is 8-15 
meters thick.  The sedimentology is very similar to Qa4 (and Qa3 in the basin fill), 
which consists of tabular to broadly lenticular fine-grained silty sands with 
interbedded clay deposits.  One OSL sample collected from this deposit, USU-
519, exhibits a partial bleaching distribution (Type 2).  Like the OSL samples 
from Qa4, these units were deposited mostly as overbank deposits that traveled 
relatively short distances prior to deposition.   
Qa2 aggraded during the Little Ice Age climatic period (0.7ka – 0.12 ka), 
and is correlative to the ‘Settlement alluvium’ from the Paria and Virgin River 
drainages.  As mentioned previously, climate during this period was relatively 
cool with above normal rainfall but slightly reduced flood frequency on the 
Colorado Plateau (D’Arrigo and Jacoby, 1991; Webb et al., 1991; Ely, 1997; Fall, 
1997; Grissino-Mayer and Swetnam, 2000; Reheis et al., 2005; Wilkins et al., 
2005).  Lower mean annual temperature would result in less evaporation of soil 
moisture, and effectively increase rates of hillslope chemical and physical 
weathering.  This newly generated hillslope sediment, at least in part, is 
transported into the streams.  With either the lack of large floods, reduced stream 
power and smaller floods, or thick vegetation on the floodplain during the Little 
Ice Age, the newly deposited sediment will likely not be transported out of the 
channel.  Stratigraphy at the Middle reach stratigraphic site suggests an 
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overloaded aggradational system with high sediment loads and stacked 
overbank deposits (Figure 16).   
In contrast to the lack of large floods assumption, McCord (1990) found a 
clustering of ages on flood scarred trees ~0.5 ka, during aggradation of Qa2.  
The inconsistency between increased flood frequency during a period of valley 
filling highlights the uncertainties when comparing these records.  Caution should 
be used when directly comparing alluvial chronologies to paleoflood 
reconstructions (Hereford, 2002).   
Because Qat2/3 is both a fill-cut (Qat3) and inset fill terrace (Qat2), it 
represents both a degradational and aggradational state.  This complexity can be 
a problem when interpreting the concavity results.  The concavity of Qat2/3 is 
greater than that for Qat4, which either represents the incision prior to deposition 
of Qa2, or higher stream power during the Little Ice Age (0.7-0.12 ka) compared 
to the early Neoglacial (~6-3.5 ka) (Figure 27, Table 2).   
Based on stratigraphic and topographic relations, following deposition of 
the Qa2 fill, Kanab Creek incised to at least to the level of the modern river 
following initial arroyo cutting in the 1880s AD (Figure 27).  At the Middle reach 
stratigraphic site, there exists an obvious buttress unconformity between Qa2 
and Qa1 deposits, and the upper sand, pebble, and gravel units of Qa1 are 
dipping toward the contact, indicative of channel filling processes (Figure 16).  
Although there is no age control for the Qa1 fill deposit, which is 3-5 meters off 
the modern channel, stratigraphic relations and historical accounts suggests that 
Qa1 was deposited after historic arroyo cutting in the 1880s AD.  Captain R.W. 
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Bailey states that in the middle reach the pre-1882 floodplain for Kanab Creek 
was at the elevation of [Qat2] (Webb et al., 1991).   
The Qa1 fill is unique not only because of the recent timing of its 
deposition, but also because of the coarseness of its alluvium.  As mentioned 
earlier, Qa1 is composed of interbedded matrix and clast supported gravel, 
cobbles, and a few small boulders with minor moderately poor to well sorted sand, 
silt, and clay.  Clasts are composed mostly of limestone, sandstone, and basalt 
with a minor amount of mud rip-up clasts.  The composition of these exotic clasts 
suggests an upstream sediment source rather than local canyon sources (Navajo 
Sandstone and Kayenta formation).  The Qat1 terrace can be traced fairly 
continually between the upstream, middle and basin fill reaches.  When the 
effects of the Irrigation Dam have been removed the concavity of Qat1 is a little 
higher than Qat4 but less than Qat2/3 (Table 2).  It is difficult to make inferences 
from these results since there is not absolute age control for Qat1.  The 
paleoflood record for the region and Kanab Creek is dominated by large 
magnitude floods at the turn of the last century, which have been attributed to the 
enhanced El Niño activity following the Little Ice Age (McCord, 1990; Ely, 1997).  
Although these frequent and large magnitude floods are generally thought to be 
the cause of the historic incision, they may also be the mechanism for transporting 
the coarse material from the headwaters and into Kanab Canyon. 
After deposition of the coarse-grained Qa1 deposit, two additional modern 
floodplain deposits, Qah and Qam, were deposited within the last century.  Aerial 
photographs from 1960 show Kanab Creek as a braided sandy wash 
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(downstream of Red Canyon) with little riparian vegetation (Figure 34).  As with 
many semi-arid drainages, tamarisk and willows have encroached the channel 
and stabilized the floodplains.  Floodplains that accreted between 1985 and 2006 
and are inset into Qah, were mapped as Qam.  The historic record of streamflow 
data from the USGS suggests that Qah is overtopped during floods that occur 
every 1-3 years.   
 
Conclusions 
Kanab Creek in southern Utah is an exceptional place to study Holocene 
chronostratigraphy because of the impressive scale of aggradation and incision 
(up to 30-40 meters) as compared to other proximal drainages in southern Utah.  
For example, deposits in the Virgin and Paria drainages are only 3-5 meters 
thick, while the same-aged alluvium in Kanab Creek is 10’s of meters thick.  
These thick deposits are composed mostly of tabular, fine-grained silty sands 
and clays, with channel gravel facies making up only a minor component of the 
alluvium.  In comparison to other regional drainages, there are also no 
Pleistocene terraces preserved in the studied reach along Kanab Creek.  Most 
Southwest drainages containing deposits with thicknesses approaching that of 
Qa4 (~30-40 meters) are Pleistocene gravel terraces.   
Kanab Creek is a dynamic fluvial system that is sensitive to local and 
regional climate change.  The alluvial record from Kanab Creek indicates that it 
has aggraded up to 40 meters between 6-3.5 ka (Qa4), whereas it has rapidly 
incised up to 30 meters into its own alluvium in as little as a few decades within 
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Red Canyon 
Red Canyon 
Figure 34:  Upper is a Google Earth image from 2006, showing riparian 
vegetation encroachment on the Kanab Creek floodplain.  Lower image is 
from 1960 showing little to no vegetation in the channel. 
N 
200 m
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historic time.  Aggradation of alluvial deposits Qa4 (6-3.5 ka), Qa3 (~3->1 ka), 
and Qa2 (0.7-0.12 ka) are correlative with regionally cooler and wetter periods, 
while incision along Kanab Creek is related to warmer and drier climatic periods, 
with the exception of Qa3 which was deposited when Kanab Creek in the field 
area was in both an aggradational and degradation state.   
Qa4 is the most prominent deposit throughout the field area.  It is unusual 
when compared to the Virgin and Paria River drainages that do not have a 
mappable deposit of this age.  This might suggest a more local control on 
sediment production and transport to the channel system, rather than a larger, 
regional climate forcing.  More likely, this suggests that Kanab Creek is more 
sensitive to small changes in climate and is perhaps better situated to record this 
shift.  It is known from many records that during the Mid-Holocene Altithermal (7-
5.5 ka) climate was very dry and warm (Thompson et al., 1993; Reheis et al., 
2005).  The beginning of aggradation of Qa4 straddles the shift in climate from 
the Mid-Holocene Altithermal to the cooler, wetter early Neoglacial (~ 5 ka).  The 
exact mechanism causing up to 40 meters of stream aggradation is unknown, 
whether it was primarily caused by a major vegetation shift (sediment supply), 
reduction in the flood regime (discharge regime), or both, therefore more work is 
needed to determine the exact forcing. 
In contrast, the Qa3 deposit (3->1ka) is only a minor component of Kanab 
Creek alluvium and is represented by incision in the upstream reaches and 
deposition in the lower reach.  On the contrary, the “prehistoric alluvium” is a 
mappable, stratigraphic unit in the Virgin and Paria River drainages.  It may be 
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that the same forcing controlling aggradation of Qa4 in the Kanab drainage was 
delayed in these surrounding drainages, and significant aggradation was not 
seen until 1-2 kyrs later.   
By the time of the Little Ice Age (0.7-0.12 ka), Kanab Creek, the Virgin 
River, and the Paria River all seem to be responding to the same regional 
climatic influences.  Although the Qa2 alluvium is not nearly as extensive and 
voluminous as the Qa4, it is a mappable stratigraphic unit and correlative with the 
‘Settlement’ alluvium described in the adjacent drainages (Hereford et al., 1996b; 
Hereford, 2002).  Better-resolved climate records from this time suggest cooler 
and wetter conditions, as seen in the tree-ring record for cool-season 
precipitation (D’Arrigo and Jacoby, 1991).  Cooler temperatures during the Little 
Ice Age are noted in alpine glacial advances in the Rocky Mountains and as soil 
formation and dune stabilization in southern Utah (Fall, 1997; Reheis et al., 2005; 
Wilkins et al., 2005; Refsnider and Brugger, 2007).  An increase in ENSO-related 
paleofloods at the termination of the Little Ice Age correlates with the timing of 
Historic arroyo cutting (Webb et al., 1991; Ely, 1997).   
The detailed alluvial chronostratigraphy described in this study would not 
have been possible without the aid of OSL and radiocarbon dating methods.  In 
general, most OSL samples collected had some degree of partial bleaching.  
Without a statistical method to isolate the population of grains fully bleached at 
deposition, the mean and standard deviation overestimated the ages by a few to 
multiple thousands of years.  With the help of the Minimum Age Model (Galbraith 
et al., 1999), the partially bleached part of the distributions was removed and the 
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true equivalent dose and age could be estimated.  The sedimentology/ 
stratigraphy of some partially bleached samples were massive sands that may be 
fining upward, suggesting aggrading flood packages.  Such deposits and 
depositional settings are not ideal for OSL dating because bleaching conditions 
are limited due to the low attenuation of light in sediment-laden waters.  Other 
facies sampled that exhibited a partially bleached distribution (Types 2 and 3) are 
horizontally laminated sands (Sh), low angle cross-laminated sand (Sl), trough 
cross-bedded sand (St), and ripple-laminated sand (Sr).  The samples that 
worked best for OSL dating, USU-423 and USU-446, were well-sorted ripple 
laminated fine sands (Sr) and horizontally laminated sands (Sh).  These two 
facies, Sr and Sh, seem to both work well for OSL dating as well as being 
conducive to incomplete zeroing prior to deposition, making it necessary to use a 
Minimum Age Model (Table 4).  One reason for this complexity may be due the 
size of the Kanab Creek drainage.  Alluvium in Kanab Creek is derived from both 
the local hillslopes as well as in stream sediment sources.  Unlike large rivers 
(1000’s km2 drainage basin area) where sediment transport distances exceed a 
few kilometers, the Kanab Creek alluvium is not being transported downstream 
very far before being redeposited and buried. Therefore, although it is important 
to look for sedimentary structures that suggest ideal bleaching conditions when 
OSL sampling in semi-arid drainages, some facies may be misleading and will 
require an age model to calculate an accurate age. 
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Recommendations for Future Work 
 The following recommendations are for future work in the Kanab Creek 
drainage and may be useful for similar Holocene alluvial chronostratigraphy 
studies in the Southwest.  First, the younger deposits (Qa1, Qah, and Qam) 
should be absolute dated with 14C, OSL, short-lived and bomb fall-out isotopes, 
or dendrochronological methods.  Since climate and discharge records are 
available for the last few decades and are of a higher resolution than most 
paleoclimate records, it may be important to understand the timing of deposition 
of these younger deposits with changes in climate on a decadal scale, rather 
than a millennial time-scale.  Comparison of this record to more local and high-
resolution paleoclimate records would add a lot of detail to the climate 
interpretations.  
Due to the high degree of partial bleaching in Kanab Creek sediments, it 
might be useful for future work to start OSL analyses with single-grain dating 
techniques, rather than single-aliquot.  Because each sand grain is analyzed 
separately rather than in a group, results are acquired more quickly.  With the 
greater density of results, it might be easier to isolate partially bleach populations 
for each sample. 
Field-based surveys of the modern river and terrace longitudinal profiles 
are necessary to better represent their relationships and to compare with the 
results presented in this paper from the digital elevation model.  A more detailed 
stratigraphic description of the arroyo walls in the lower reach would show the 
complex lateral and vertical disconformities, and additional sampling of the basin 
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fill alluvium will help give a better idea of the number of deposits preserved in this 
basin.   A visit to the downstream paleoflood sites in Kanab Canyon to redescribe 
and resample these deposits may help verify or deny correlation to the alluvial 
record in this study.  Lastly, a gravel point count study of the minor channel 
gravel facies for provenance identification.  Knowing the provenance of these 
gravels and timing of redeposition may help expose mechanisms needed for 
distal transport and deposition in the study reach.         
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Appendix A:  Cross Section Locations and Profiles 
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Figure A-35: Map area showing the location 
of Figures A-36, A-39, and A-41. 
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Figure A-36: Location of upper reach RTK GPS surveys 1-4. 
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Figure A-37:  Upstream reach cross sections 1-2. 
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Figure A-38:  Upstream reach cross sections 3-4. 
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Figure A-39: Location of middle reach RTK GPS surveys 5-6. 
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Figure 40: Middle reach cross sections 5-6. 
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Qabf 
Qabf 
Figure A-41: Location of lower reach RTK GPS surveys 7-8. 
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Qat2
Figure A-42:  Lower reach cross sections 7-8. 
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Appendix B:  Stratigraphic Sections 
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Appendix C: Optically Stimulated Luminescence and 14C Data 
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Figure C-47:  Examples of equivalent dose distribution types.  Type 1 is well 
bleached; Types 2 and 3 are partially bleached examples.  Type 2 is 
positively skewed and Type 3 has ultiple probability peaks representing 
multiple De populations. 
TABLE C-5: OSL SAMPLE DATA
USU # Sample # Location Depth % H2O Elev. (km) UTM Facies Sed/Strat description
263
KNB101907
_1
Horse Corral, 
gravel pit Qabf 5 m 0.80 1.49
4100260 
N, 
363619 E Sm
0.4 m thick grey sand, lower coarse 
to upper fine occasional very fine 
coarse upper sand, subrounded to 
rounded mostly quartz, no obvious 
gradation.  Overlies clayey silt and 
underlying massive clayey silt. 
264*
KNB101907
_2
Roadcut by 
Qat4 below 
cemetary 8.5 m 0.80 1.61
4112024
N, 
363329E Sm
~1.1m thick massive sand, v. fine to 
medium sandy silt, rounded, no 
structures, lots of bioturbation 
(rootholes and organic 
decomposition), continuous through 
terrace
285
KNB051008
_4
Qat4 hanging 
fence site 3-4 m 0.47 1.63
4116059 
N, 
363427 E Sm
above channel gravel deposit, 35-
40cm thick, 5YR7/6, contact is 
obvious. Fining upward coarse to 
fine sand with mm scale pebbels 
interbedded.  Clasts vary in 
composition, pebbles dimish 
upwards, evidence of redox.  
286
KNB051108
_5 Qat4, upstream 2.9 m 0.40 1.64
4116610 
N, 
365235 E Sl
60 cm thick sand with soil cap, 
irregular contact with lower gravel.  
Lower part of sand is darker tan 
10YR 7/4 medium to fine sand no 
structures.  Upper sand shows low 
angle cross laminations, 7.5 YR 7/6 
medium to find sand.  20 cm thick 
Bk horizon, v. weak structure sandy 
soil.  crumbly, color changes from 
7.5YR 7/4 to 5 YR 5/6.  Thin 1-2mm 
calcite layer at bottom of soil.
287*
KNB051108
_6
Qat1, upstream 
across from 1st 
basalt outcrop 0.9m 0.40 1.64
4116535 
N, 
363321 E Sm
~20 cm thick , fairly continuous 
massive fine to coarse grained 
sand, 7.5YR 7/6.  Between 2 gravel 
units at the top of the deposit.
290
KNB031008
_2
Qat4, Hog 
Canyon gravel 
pit 2.6 m 0.12 1.53
4104687 
N, 
363223 E Sm
1.4 m thick, upper medium sand 
fining upward to silty fine sand, 5YR 
6/8 wet, capped by thin clay 
horizon, distinct lower contact 
possible pedogenesis, well 
developed soil
291*
KNB031108
_4
Qat1, Janis' 
unnamed 
canyon 82 cm 0.90 1.51
4102957
N, 
363117 E Sl
>55 cm thick upper medium sand 
fining up to lower medium sand, low 
angle cross laminations - lower flow 
regime, some bioturbation.  7.5YR 
6/6.  Big roots right next to where 
sample was collected. Capped by 
granule sand
292
KNB031308
_6
Qat4 near 
bedrock slot 
BF 4.2 m 0.54 1.59
4111927
N, 
363328 E Sl
>50cm thick, well sorted fine to v. 
fine sand, low angle laminations, 
10YR7/4.  Low degree of 
bioturbation from roots, sample 
taken 20 cm from upper contact. 
356*
KNB030908
_1
Gravel Pit Qat4 
HWY 89 5.5 m 1.7 1.53
4104619 
N, 
363407 E Sl
0.4-0.5 m thick light colored lower 
fine to upper fine sand, low angle 
cross laminations.  See crotovina 
burrows, wet 2.5 YR 6/8
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USU # Sample # Location Depth % H2O Elev. (km) UTM Facies Sed/Strat description
357*
KNB031108
_5
tiny Canyon, 
Qabf 3.7 m 3.4 1.52
4103118 
N, 
362863 E
> 50 cm thick, moderately sorted, 
lower coarse to fine sand, with few 
lingering pebbles, no structures, 
some rooting noticable.  Taken 
15cm below 4 in tall, 1ft long, and 8 
inches deep charcoal lens.  Wet 
0.5YR5/8
358*
KNB050708
_1
Jon R Canyon, 
Qat4
3 m from 
modern, 
1.5 meters 
below 
upper clay 
soil unit 1.9 1.65
4113149 
N, 
365002 E Sm
1.2 m C horizon v. fine to fine sand, 
moderately well sorted, massive, 
orange tan color.  Overlain by 60 
cm cumlick not lithified weakly 
structured grey/brown sandy loam, 
crumbly subangular blocky.  
Cortovina present.  Overlain by 35 
cm Bk horizon, primarily silty clay 
horizon bioturbated into a soil.  
calcite and soil, crotovina.  also see 
original stratification subangular 
blocky to columnar structure 
moderately strong.  white and light 
grey/tan sandy silty loam undulating 
contact with upper sand.
359
KNB050708
_2
Jon R Canyon, 
upstream at 
knickpoint in 
side trib, Qat4 2.2 m 0.2 1.65
4113391 
N, 
365252 E Sl
1.03 m thick, basal 22 cm 
alternating horizontally bedded finer 
and coarser sand switching from 
grey to tan, alternating layers of fine 
and coarse (up to coarse sand, 
moderately poorly sorted, some 
subrounded lithic fragments) layers 
of tan sand.  Low angle cross 
laminations.  upper 15 cm weak soil 
same muav color as below, hard.  
v. fine silty clay loam, well 
bioturbated. subangular blocky 
peds, sharp contact with upper 
sand.  (Sl)
360
KNB051008
_3
close to mouth 
of Red 
Canyon, lowest 
point on Qat4 6 m 0.4 1.64
4115527 
N, 
363301 E Sh
~ 50 cm thick fining upward sand, 
coarse to medium up to med to fine 
sand, bottom coarse half contains 
small few mm long subangular 
pebbles that disappear and into 
laminations some recent 
bioturbation but not much. sand is 
possibly overlying more channel 
gravel deposits.  Underlying thick 
channel gravel deposits
361
KNB 
051108_7
top Qat4 near 
hanging fence 1.1 m 0.4 1.65
4116066 
N, 
363406 E Sm
50 cm thick somewhat bioturbated 
massive sand with cross 
laminationson top. Coarse to 
medium fine sand fining upward to 
medium fine sand, 5YR7/6 capped 
by 2 cm thick sandy loam very weak
organic woody layer, brownish 
7.5YR4/4. 
362*
KNB051208
_8
Qat4 near BF, 
under Qat2 
landform 1.35 m 1.5 1.56
4109712 
N, 
363096 E Sm
30 cm thick sand, possibly laminted 
by difficult to tell. Fine well sorted 
sand, 7.5 YR 6/6, upper contact 
with gravel is irregular and contains 
large 5-10 cm long mud nodules of 
varying color: 7.5YR4/1, 7.5 YR3/1, 
7.5YR 6/8 wet
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USU # Sample # Location Depth % H2O Elev. (km) UTM Facies Sed/Strat description
363
KNB051408
_9
Qat4 BF lowest 
in section >30m 1.4 1.55
4109043 
N, 
362732 E St
65 cm thick locally but could be 
greater, upper contact dips ~40 
degree angle in the same direction 
as the modern channel (E).  Sand 
varies in color, looks 
oxidized/reduced in places.  Upper 
half shows subplanar laminations.  
Lower coarse to fine sand, 7.5 YR 
7/4 with 3 highly reduced layers1-
3cm thick 5YR5/8.  small dipping 
contact with upper 6cm sand color 
changes to 7.5YR6/6 slight fining 
upward to medium to fine sand.  
overlain by dipping mud pinching 
into sand.  (St)
364
KNB051408
_10
Qat4 BF 
highest sand 3-4 m 0.4 1.58
4109112 
N, 
362673 E Sl
0.6 m thick cross laminated fine to 
medium well sorted sand.  
7.5YR6/6, capped by 3-4 m clay 
and red colluvium cap.
365
KNB021008
_3
Kanab Creek 
Drive, 
downstream of 
bridge, Qabf 6.62 0.05 1.47
4099010 
N, 
363494 E St
80 cm thick, upper medium to lower 
fine sand, large scale cross 
laminations2.5YR 6/8, top of unit is 
slumped and oxidized, sample 
taken from the bottom.  (St)
423
KNB081808
_2
Smith site near 
Kanab 19 m 0.38 1.28
4102770 
N, 
363135 E Sr
60 cm thick, pinches toward 30m 
terrace, grey/tan very fine powdery 
sand.  Bioturbated, irregular 
contacts, grey sand is mm thick, 
tand sand is cm to decimeters thick. 
(Anitdunes?)
424*
KNB081708
_1
Qat4 BF low 
undeneath 
Qat2 landform 19 m 2.82 1.55
4109052
N, 
362762 E Sm
>1.7 m thick of coral pink sand 
composed of multiple sand 
packages.  From A) 40 cm well 
sorted massive medium to fine 
sand
445*
KNB101708
_1
Qat4 high 
upstream 4.5 m 0.2 1.66
4116471
N, 
363569 E Sm
35 cm thick, crs to fine sand, faint 
thin laminations towards to the top, 
massive bottom, moderately well 
sorted (7.5YR8/6)
446
KNB101708
_2
Qat4 low 
upstream 15 m 0.92 1.65
4116461 
N, 
363557 E Sh
15 cm thick, CU fine to crs sand, 
finely laminated and possibly 
bioturbated (7.5YR7/6)
519
KNB021609
_1
Qat2 scrolling 
cut and fill 8 m frozen 1.57
4109071 
N, 
362815 E Sr
60 cm thick, rippled sand laminae , 
v. fine to med sand, subcritical 
ripples, same environment as 
modern channel.  Overlain by 
woody debris clay unit.  Charcoal 
sample collected in the same layer
520
KNB021709
_2
top of Qat4 
near 
petroglyphs 1.3 m
not 
frozen, 
snowed 
the night 
before 1.59
4110270 
N, 
363016 E Sl
well sorted medium to fine sand, > 
35 cm thick, light tan-pink, clean 
sand, rippled laminations, low angle 
cross bedding, some few small 
modern roots
* samples collected but not dated
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KNB101907_1 Qabf, Lower reach Kanab Creek Individual Aliquot Data
USU-263
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 13.43 6.01 8.87 4.01 7.94 2.94 5.24 2.37
CAM 12.72 6.01 8.40 4.00 9.04 1.73 5.97 2.70
MAM 10.48 0.52 6.92 0.57 9.35 1.63 6.18 2.79
9.65 7.93 6.37 2.88
n (accepted) = 20 Aliquots 9.69 0.36 6.40 2.89
n (total) = 33 Aliquots 10.02 1.39 6.62 2.99
Median = 10.79 7.1 3.2 10.21 0.67 6.75 3.05
Min = 7.94 5.2 2.4 10.29 1.95 6.80 3.08
Max = 29.11 19.2 8.7 10.63 0.63 7.02 3.18
10.72 1.04 7.08 3.20
S.D. = 6.01 10.85 2.01 7.17 3.24
Standard error = 1.34 10.97 0.41 7.25 3.28
11.57 0.81 7.64 3.46
Random Errors= 44.82 % 12.15 0.96 8.03 3.63
Systematic Error= 6.07 % 13.12 0.86 8.66 3.92
Total Error= 45.23 % 17.13 0.17 11.31 5.12
18.83 3.66 12.44 5.63
Bin Width = 1 Gy 19.87 2.67 13.12 5.93
27.47 2.35 18.14 8.21
Overdispersion (%)= 49.7 29.11 1.81 19.23 8.70
+/-
dose rate= 1.51 0.07 Gy/ka
U = 0.80 0.1 ppm
Th = 2.60 0.2 ppm
K2O = 1.26 0.03 wt. %
Rb2O= 46.1 1.8 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.14 Gy/ka
depth = 5.0 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.48 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
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 KNB051008_4 Qat3 (Qa4) Upstream reach Kanab Creek Individual Aliquot Data
USU-285
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 6.10 4.16 8.94 6.12 1.95 1.34 2.85 1.95
CAM 5.40 4.16 7.90 6.11 2.22 1.11 3.25 2.23
MAM 3.50 0.22 5.12 0.49 2.33 1.12 3.41 2.33
2.59 1.23 3.80 2.60
n (accepted)  = 26 Aliquots 3.06 1.61 4.48 3.06
n (total) = 43 Aliquots 3.11 1.85 4.55 3.12
Median = 4.53 6.6 4.5 3.12 0.44 4.56 3.13
Min = 1.95 2.8 2.0 3.44 0.13 5.04 3.45
Max = 17.74 26.0 17.8 3.61 0.30 5.28 3.62
3.65 2.29 5.35 3.66
S.D. = 4.16 3.68 1.31 5.38 3.69
Standard error = 0.81 3.99 2.64 5.85 4.00
4.43 1.30 6.49 4.45
Random Errors= 68.24 % 4.62 1.60 6.76 4.63
Systematic Error= 5.73 % 4.68 1.95 6.85 4.69
Total Error= 68.48 % 4.69 0.89 6.87 4.70
4.82 1.00 7.06 4.83
Bin Width = 1.00 Gy 7.51 0.97 10.99 7.53
7.88 0.34 11.54 7.90
Overdispersion (%)= 81.0 8.01 0.49 11.72 8.03
+/- 9.51 1.63 13.93 9.54
dose rate= 0.68 0.04 Gy/ka 10.05 0.53 14.71 10.07
U = 0.40 0.1 ppm 11.28 0.33 16.51 11.31
Th = 0.90 0.2 ppm 12.52 0.84 18.33 12.55
K2O = 0.46 0.01 wt. % 14.23 1.80 20.83 14.27
Rb2O= 18.6 0.7 ppm 17.74 1.58 25.96 17.78
H2O= 3.0 3.0 wt. %
Cosmic= 0.17 Gy/ka
depth = 4.0 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.63 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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=KNB051108_5 Qat3 (Qa4) Upstream Reach Kanab Creek Individual Aliquot Data
USU-286
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 10.21 4.87 9.24 4.45 2.73 1.22 2.47 1.19
CAM 9.27 4.87 8.39 4.44 3.39 1.33 3.07 1.48
MAM 6.46 0.91 5.84 0.92 3.99 0.35 3.61 1.74
4.00 1.37 3.62 1.74
n (accepted) = 26 Aliquots 4.26 1.26 3.85 1.86
n (total) = 35 Aliquots 5.41 1.24 4.89 2.36
Median = 10.18 9.2 4.4 5.66 2.05 5.12 2.47
Min = 2.73 2.5 1.2 6.65 0.85 6.02 2.90
Max = 17.29 15.6 7.5 6.83 1.42 6.18 2.98
7.55 2.48 6.83 3.29
S.D. = 4.87 8.06 0.92 7.29 3.51
Standard error = 0.96 8.10 1.78 7.33 3.53
9.61 2.04 8.70 4.19
Random Errors= 47.82 % 10.74 0.56 9.72 4.69
Systematic Error= 6.01 % 11.83 1.37 10.71 5.16
Total Error= 48.19 % 13.20 0.38 11.94 5.75
13.24 0.46 11.98 5.77
Bin Width = 1.00 Gy 13.41 0.67 12.13 5.85
14.23 2.74 12.87 6.20
Overdispersion (%) 70.7 14.58 0.45 13.19 6.36
+/- 15.49 0.19 14.01 6.75
dose rate= 1.11 0.05 Gy/ka 15.87 0.55 14.36 6.92
U = 0.40 0.1 ppm 16.09 1.31 14.56 7.02
Th = 1.10 0.2 ppm 16.19 1.21 14.65 7.06
K2O = 0.94 0.02 wt. % 17.05 0.09 15.43 7.43
Rb2O= 30.2 1.2 ppm 17.29 0.60 15.64 7.54
H2O= 3.0 3.0 wt. %
Cosmic= 0.19 Gy/ka
depth = 2.9 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.64 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB031008_2 Qat4 (Qa4) Lower reach Kanab Creek Individual Aliquot Data
USU-290 De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 5.39 0.22 4.89 1.79
wt Mean = 10.58 3.82 9.59 3.52 5.60 0.85 5.07 1.86
CAM 10.12 3.80 9.17 3.50 6.17 1.49 5.60 2.06
MAM 7.23 0.65 6.56 0.74 6.20 0.11 5.62 2.06
6.38 1.04 5.78 2.12
n (accepted) = 35 Aliquots 6.39 0.93 5.79 2.13
n (total) = 61 Aliquots 6.47 0.78 5.86 2.15
Median = 8.66 7.8 2.9 6.52 2.71 5.91 2.17
Min = 5.39 4.9 1.8 7.07 2.90 6.41 2.35
Max = 12.49 11.3 4.2 7.08 1.67 6.41 2.36
7.11 0.81 6.44 2.37
S.D. = 3.82 7.37 0.67 6.68 2.45
Standard error = 0.65 8.31 0.75 7.53 2.77
8.66 1.85 7.85 2.88
Random Errors= 36.23 % 8.75 0.79 7.93 2.91
Systematic Error= 6.03 % 8.77 3.36 7.95 2.92
Total Error= 36.73 % 9.93 0.74 9.00 3.31
10.46 0.74 9.48 3.48
Bin Width = 0.75 Gy 10.62 1.72 9.63 3.54
11.52 3.65 10.44 3.83
Overdispersion (%)= 50.4 11.53 1.02 10.45 3.84
+/- 12.18 0.13 11.04 4.05
dose rate= 1.10 0.05 Gy/ka 12.48 1.21 11.31 4.15
U = 0.40 0.1 ppm 12.49 0.16 11.32 4.16
Th = 0.90 0.2 ppm 12.92 1.15 11.70 4.30
K2O = 0.95 0.02 wt. % 13.00 0.63 11.78 4.33
Rb2O= 24.9 1.0 ppm 13.01 1.64 11.79 4.33
H2O= 3.0 3.0 wt. % 14.22 0.40 12.88 4.73
14.39 1.04 13.04 4.79
Cosmic= 0.20 Gy/ka 16.06 1.62 14.55 5.34
depth = 2.6 m 16.09 1.84 14.58 5.36
latitude= 37 degrees (north positive) 16.14 2.48 14.63 5.37
longitude= -112 degrees (east positive) 16.78 1.20 15.20 5.58
elevation= 1.53 km asl 16.83 0.80 15.25 5.60
Notes: Quartz SAR OSL age 17.57 1.20 15.93 5.85
(following Murray and Wintle, 2000) 
Histogram
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KNB031308_6 Qat3 (Qa4) Middle reach Kanab Creek Individual Aliquot Data
USU-292
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 9.04 5.31 9.75 5.77 1.84 1.08 1.98 1.17
CAM 7.76 5.31 8.37 5.76 2.31 0.52 2.50 1.48
MAM 4.19 0.63 4.52 0.75 2.63 1.63 2.83 1.68
3.34 0.88 3.60 2.13
n (accepted) = 27 Aliquots 3.86 0.08 4.17 2.47
n (total) = 55 Aliquots 3.89 1.46 4.20 2.48
Median = 7.78 8.4 5.0 4.05 0.31 4.37 2.58
Min = 1.84 2.0 1.2 4.75 2.13 5.13 3.03
Max = 17.76 19.2 11.3 5.63 0.88 6.07 3.59
5.78 2.91 6.24 3.69
S.D. = 5.31 5.97 4.63 6.44 3.81
Standard error = 1.02 6.86 2.13 7.40 4.38
7.44 1.25 8.03 4.75
Random Errors= 58.87 % 7.78 2.55 8.39 4.97
Systematic Error= 5.99 % 8.63 4.63 9.31 5.51
Total Error= 59.17 % 8.96 2.02 9.67 5.72
9.28 1.70 10.01 5.92
Bin Width = 1.00 Gy 9.49 1.66 10.24 6.06
13.41 1.73 14.46 8.56
Overdispersion (%) = 88.0 13.55 2.27 14.62 8.65
+/- 14.19 0.27 15.30 9.06
dose rate= 0.93 0.05 Gy/ka 15.50 2.83 16.72 9.89
U = 0.40 0.1 ppm 16.34 2.65 17.63 10.43
Th = 0.90 0.2 ppm 16.37 2.62 17.66 10.45
K2O = 0.77 0.02 wt. % 17.11 1.16 18.45 10.92
Rb2O= 23.9 1.0 ppm 17.38 0.47 18.75 11.10
H2O= 3.0 3.0 wt. % 17.76 1.60 19.16 11.34
Cosmic= 0.16 Gy/ka
depth = 4.2 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.59 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB050708_2 Qat4 (Qa4) Middle reach Kanab Creek Individual Aliquot Data
USU-359
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 10.23 4.93 9.31 4.53 1.85 1.00 1.69 0.82
CAM 9.00 5.02 8.19 4.60 2.93 2.14 2.67 1.30
MAM 4.57 1.30 4.16 1.21 3.43 0.83 3.12 1.52
4.77 0.93 4.34 2.11
n (accepted) = 25 Aliquots 4.86 0.96 4.42 2.15
n (total) = 65 Aliquots 5.62 1.78 5.11 2.48
Median = 7.90 7.2 3.5 6.84 1.92 6.22 3.02
Min = 1.85 1.7 0.8 6.96 1.91 6.33 3.08
Max = 14.40 13.1 6.4 7.08 2.23 6.44 3.13
7.88 0.65 7.17 3.48
S.D. = 4.93 7.91 0.94 7.20 3.50
Standard error = 0.99 8.17 1.84 7.44 3.61
10.38 2.29 9.44 4.59
Random Errors= 48.24 % 10.58 1.98 9.63 4.68
Systematic Error= 5.94 % 10.69 0.81 9.73 4.73
Total Error= 48.60 % 12.68 2.21 11.54 5.61
14.40 0.87 13.10 6.37
Bin Width = 1.00 Gy 14.45 1.87 13.15 6.39
15.40 0.77 14.01 6.81
Overdispersion (%)= 81.2 15.40 0.96 14.02 6.81
+/- 15.95 5.95 14.51 7.05
dose rate= 1.10 0.05 Gy/ka 15.97 0.37 14.53 7.06
U = 0.40 0.1 ppm 16.29 1.30 14.82 7.20
Th = 1.30 0.2 ppm 17.41 1.88 15.84 7.70
K2O = 0.89 0.02 wt. % 17.97 3.44 16.35 7.95
Rb2O= 30.2 1.2 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.21 Gy/ka
depth = 2.2 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.65 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB051008_3 Qat3 (Qa4) Upstream reach Kanab Creek Individual Aliquot Data
USU-360
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 11.70 7.49 13.12 8.45 2.50 1.75 2.81 1.81
CAM 9.63 7.49 10.80 8.43 3.08 0.30 3.46 2.23
MAM 4.62 1.41 5.18 1.63 3.88 0.78 4.36 2.81
3.97 1.11 4.46 2.87
n (accepted) = 20 Aliquots 4.81 3.63 5.39 3.47
n (total) = 55 Aliquots 4.95 0.69 5.55 3.57
Median = 9.43 10.6 6.8 7.13 1.19 8.00 5.15
Min = 2.50 2.8 1.8 7.14 1.55 8.01 5.16
Max = 23.43 26.3 16.9 7.78 3.46 8.73 5.62
7.94 6.84 8.90 5.73
S.D. = 7.49 9.24 0.24 10.37 6.68
Standard error = 1.67 9.62 0.18 10.79 6.95
10.11 4.32 11.34 7.30
Random Errors= 64.11 % 13.61 1.25 15.27 9.83
Systematic Error= 6.07 % 15.30 13.64 17.16 11.05
Total Error= 64.40 % 17.93 1.50 20.11 12.95
18.32 8.36 20.56 13.24
Bin Width = 1.00 Gy 19.75 0.27 22.16 14.27
21.59 1.69 24.22 15.60
Overdispersion (%) = 94.8 21.75 0.78 24.40 15.72
+/- 23.31 6.18 26.15 16.84
dose rate= 0.89 0.05 Gy/ka 23.43 2.35 26.28 16.92
U = 0.30 0.1 ppm
Th = 1.00 0.2 ppm
K2O = 0.78 0.02 wt. %
Rb2O= 26.2 1.0 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.13 Gy/ka
depth = 6.0 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.64 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB051108_7 Qat3 (Qa3) Upstream Reach Kanab Creek Individual Aliquot Data
USU-361
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 7.41 4.09 4.35 2.42 1.26 0.24 0.74 0.41
CAM 6.12 4.91 3.59 2.89 1.38 0.80 0.81 0.45
MAM 3.43 1.01 2.02 0.61 2.05 0.32 1.21 0.67
2.25 0.25 1.32 0.73
n (accepted) = 26 Aliquots 2.64 0.53 1.55 0.86
n (total) = 65 Aliquots 3.13 0.76 1.84 1.02
Median = 4.60 2.7 1.5 3.21 2.01 1.89 1.05
Min = 1.26 0.7 0.4 3.76 1.33 2.20 1.22
Max = 10.85 6.4 3.5 4.16 1.87 2.44 1.36
4.48 2.74 2.63 1.46
S.D. = 4.09 4.73 1.04 2.77 1.54
Standard error = 0.80 6.45 0.38 3.79 2.10
6.83 2.72 4.01 2.23
Random Errors= 55.21 % 8.08 1.41 4.74 2.63
Systematic Error= 6.09 % 9.84 2.24 5.77 3.21
Total Error= 55.55 % 10.38 1.93 6.09 3.39
10.43 2.91 6.12 3.40
Bin Width = 1.00 Gy 10.50 2.34 6.16 3.42
10.85 1.08 6.37 3.54
Overdispersion (%)= 106.1 11.01 0.60 6.47 3.59
+/- 12.54 2.61 7.36 4.09
dose rate= 1.70 0.08 Gy/ka 14.28 1.94 8.38 4.66
U = 0.60 0.1 ppm 15.04 0.64 8.83 4.90
Th = 1.80 0.2 ppm 15.35 1.79 9.01 5.01
K2O = 1.51 0.04 wt. % 17.25 0.93 10.12 5.62
Rb2O= 52.1 2.1 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.25 Gy/ka
depth = 1.1 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.65 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB051408_9 Qat3 (Qa4) Middle Reach Kanab Creek Individual Aliquot Data
USU-363
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 10.20 4.02 14.55 5.84 3.58 0.36 5.10 2.05
CAM 9.72 4.07 13.85 5.88 3.72 0.99 5.30 2.13
MAM 4.44 3.16 6.34 4.53 4.09 1.50 5.83 2.34
4.19 3.03 5.98 2.40
n (accepted)  = 54 Aliquots 4.69 2.21 6.69 2.68
n (total) = 81 Aliquots 4.86 2.51 6.93 2.78
Median = 7.40 10.5 4.2 5.03 0.90 7.18 2.88
Min = 3.58 5.1 2.0 5.21 3.21 7.43 2.98
Max = 9.56 13.6 5.5 5.58 1.96 7.96 3.19
6.26 2.83 8.93 3.59
S.D. = 4.02 6.43 0.86 9.16 3.68
Standard error = 0.55 6.62 0.36 9.45 3.79
7.20 0.36 10.27 4.12
Random Errors= 39.65 % 7.21 1.45 10.28 4.13
Systematic Error= 6.27 % 7.24 0.23 10.32 4.14
Total Error= 40.15 % 7.31 0.71 10.43 4.19
7.48 4.90 10.67 4.28
Bin Width = 0.75 Gy 7.72 0.78 11.00 4.42
7.85 0.94 11.19 4.49
Overdispersion (%) = 53.4 8.40 0.99 11.98 4.81
+/- 8.68 2.49 12.38 4.97
dose rate= 0.70 0.04 Gy/ka 8.94 2.50 12.74 5.12
U = 0.40 0.1 ppm 9.00 4.78 12.83 5.15
Th = 1.00 0.2 ppm 9.08 0.50 12.95 5.20
K2O = 0.65 0.02 wt. % 9.46 2.46 13.50 5.42
Rb2O= 22.2 0.9 ppm 9.48 0.49 13.51 5.43
H2O= 3.0 3.0 wt. % 9.48 1.24 13.52 5.43
9.56 0.70 13.63 5.47
Cosmic= 0.02 Gy/ka 10.06 0.14 14.35 5.76
depth = 30.0 m 10.29 1.51 14.67 5.89
latitude= 37 degrees (north positive) 10.67 0.26 15.21 6.11
longitude= -112 degrees (east positive) 11.25 0.95 16.04 6.44
elevation= 1.55 km asl 11.49 1.72 16.39 6.58
11.64 1.66 16.60 6.66
Notes: Quartz SAR OSL age 12.03 1.23 17.15 6.88
(following Murray and Wintle, 2000) 12.21 0.41 17.41 6.99
Histogram
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USU-363 cont. De (Gy) ± Age (ka) ±
12.54 0.85 17.89 7.18
12.57 3.85 17.93 7.20
12.88 0.57 18.37 7.37
12.97 0.35 18.49 7.42
13.08 0.65 18.64 7.49
13.51 1.79 19.26 7.73
13.67 1.22 19.49 7.83
14.04 1.75 20.02 8.04
14.07 1.86 20.07 8.06
14.76 2.31 21.05 8.45
15.08 1.13 21.51 8.64
15.53 1.69 22.14 8.89
15.96 1.84 22.76 9.14
16.00 2.31 22.81 9.16
17.61 3.67 25.12 10.08
19.21 2.09 27.40 11.00
19.47 1.00 27.76 11.14
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KNB051408_10 Qat4 (Qa4) Middle reach Kanab Creek Individual Aliquot Data
USU-364
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 7.75 2.03 7.55 2.04 3.61 1.55 3.52 0.95
CAM 7.73 2.93 7.53 2.90 3.62 1.52 3.53 0.95
MAM 5.20 0.67 5.07 0.74 3.74 2.80 3.64 0.98
3.74 1.00 3.65 0.99
n (accepted) = 40 Aliquots 3.81 3.62 3.71 1.00
n (total) = 61 Aliquots 5.10 1.61 4.97 1.34
Median = 6.49 6.3 1.7 5.36 2.56 5.22 1.41
Min = 3.61 3.5 1.0 5.52 0.48 5.37 1.45
Max = 8.15 7.9 2.1 5.54 0.15 5.40 1.46
5.71 0.42 5.56 1.50
S.D. = 2.03 5.78 2.95 5.63 1.52
Standard error = 0.32 5.99 1.22 5.84 1.58
6.02 1.49 5.86 1.58
Random Errors= 26.35 % 6.07 0.41 5.92 1.60
Systematic Error= 5.97 % 6.43 1.42 6.27 1.69
Total Error= 27.02 % 6.49 1.55 6.32 1.71
6.58 2.21 6.41 1.73
Bin Width = 0.50 Gy 7.15 1.04 6.97 1.88
7.30 1.22 7.11 1.92
Overdispersion (%) = 41.5 7.34 0.74 7.15 1.93
+/- 7.48 1.73 7.29 1.97
dose rate= 1.03 0.05 Gy/ka 7.50 0.28 7.31 1.97
U = 0.40 0.1 ppm 7.51 2.11 7.31 1.98
Th = 1.30 0.2 ppm 7.61 0.65 7.41 2.00
K2O = 0.84 0.02 wt. % 7.65 2.74 7.45 2.01
Rb2O= 28.9 1.2 ppm 7.82 1.21 7.62 2.06
H2O= 3.0 3.0 wt. % 8.15 0.50 7.94 2.14
8.22 1.36 8.01 2.16
Cosmic= 0.18 Gy/ka 8.54 1.72 8.32 2.25
depth = 3.5 m 8.73 0.87 8.51 2.30
latitude= 37 degrees (north positive) 9.43 2.68 9.18 2.48
longitude= -112 degrees (east positive) 10.08 0.23 9.82 2.65
elevation= 1.58 km asl 10.23 1.38 9.97 2.69
11.17 0.67 10.89 2.94
Notes: Quartz SAR OSL age 11.46 0.75 11.17 3.02
(following Murray and Wintle, 2000) 11.84 1.98 11.54 3.12
Histogram
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USU-364 cont. De (Gy) ± Age (ka) ±
12.67 1.32 12.34 3.33
13.48 4.13 13.14 3.55
14.32 0.68 13.95 3.77
15.23 1.18 14.84 4.01
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KNB021008_3 Qabf, Lower reach Kanab Creek Individual Accepted Aliquot Data
USU-365
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 39.73 7.93 72.03 15.45 26.46 9.12 47.98 16.18
35.79 8.90 64.91 21.88
n (accepted) = 10 Aliquots 37.11 15.71 67.29 22.69
n (total) = 10 Aliquots 40.59 3.85 73.60 24.81
Median = 43.12 78.2 26.4 41.23 1.41 74.77 25.21
Min = 26.46 48.0 16.2 45.01 5.05 81.62 27.52
Max = 78.87 143.0 48.2 51.88 5.23 94.07 31.72
61.71 5.59 111.89 37.72
S.D. = 15.82 64.02 7.41 116.08 39.13
Standard error = 5.00 78.87 4.83 143.02 48.22
Random Errors= 33.22 %
Systematic Error= 5.77 %
Total Error= 33.71 %
Bin Width = 2.00 Gy
+/-
dose rate= 0.55 0.04 Gy/ka
U = 0.35 0.1 ppm
Th = 0.85 0.2 ppm
K2O = 0.37 0.01 wt. %
Rb2O= 12.6 0.5 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.12 Gy/ka
depth = 6.6 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.47 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
Histogram
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KNB081808_2 Qabf (Qa4) Lower reach Kanab Creek Individual Aliquot Data
USU-423
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 7.43 1.85 4.79 1.24 3.02 2.46 1.95 0.50
CAM 7.36 2.08 4.75 1.24 3.94 1.18 2.54 0.66
MAM 4.11 1.74 2.65 1.14 4.42 0.39 2.85 0.74
4.48 2.83 2.89 0.75
n (accepted) = 45 Aliquots 4.48 1.23 2.89 0.75
N (total) = 61 Aliquots 4.90 0.80 3.16 0.82
Median = 6.47 4.2 1.1 5.07 1.35 3.27 0.85
Min = 3.02 1.9 0.5 5.44 0.40 3.51 0.91
Max = 8.01 5.2 1.3 6.02 2.29 3.88 1.00
6.06 1.83 3.91 1.01
S.D. = 1.85 6.17 2.55 3.98 1.03
Standard error = 0.28 6.24 0.48 4.03 1.04
6.29 3.03 4.06 1.05
Random Errors= 25.04 % 6.39 1.66 4.12 1.07
Systematic Error= 6.39 % 6.43 0.87 4.15 1.07
Total Error= 25.84 % 6.44 0.55 4.15 1.07
6.50 2.86 4.19 1.08
Bin Width = 0.50 Gy 6.57 0.80 4.24 1.10
6.81 2.75 4.40 1.14
Overdispersion (%) = 34 6.83 2.56 4.40 1.14
+/- 6.99 2.76 4.51 1.17
dose rate= 1.55 0.07 Gy/ka 7.10 1.24 4.58 1.18
U = 0.60 0.1 ppm 7.13 1.09 4.60 1.19
Th = 1.80 0.2 ppm 7.20 1.94 4.65 1.20
K2O = 1.57 0.04 wt. % 7.23 0.98 4.67 1.21
Rb2O= 49.0 2.0 ppm 7.61 1.19 4.91 1.27
H2O= 3.0 3.0 wt. % 7.75 1.30 5.00 1.29
8.01 2.95 5.17 1.34
Cosmic= 0.04 Gy/ka 8.06 0.84 5.20 1.34
depth = 19.0 m 8.24 2.39 5.32 1.37
latitude= 37 degrees (north positive) 8.29 0.34 5.35 1.38
longitude= -112 degrees (east positive) 8.51 1.31 5.49 1.42
elevation= 1.28 km asl 8.70 1.33 5.61 1.45
8.77 3.27 5.66 1.46
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
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USU-423 cont. De (Gy) ± Age (ka) ±
8.95 0.42 5.78 1.49
9.29 0.73 5.99 1.55
9.31 1.11 6.01 1.55
9.53 1.56 6.15 1.59
9.72 4.51 6.27 1.62
9.84 0.74 6.35 1.64
10.17 5.63 6.56 1.70
10.40 3.74 6.71 1.73
11.05 1.89 7.13 1.84
11.69 0.79 7.54 1.95
12.17 1.78 7.85 2.03
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KNB101708_2 Qat4 (Qa4) Upstream reach Kanab Creek Individual Aliquot Data
USU-446
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 5.65 0.91 4.66 0.81 3.77 2.92 3.11 0.54
CAM 5.89 0.91 4.86 0.81 3.90 2.17 3.22 0.56
MAM 5.89 0.48 4.86 0.50 4.72 3.15 3.89 0.68
4.81 4.28 3.97 0.69
n (accepted) = 20 Aliquots 4.93 1.57 4.07 0.71
n (total) = 35 Aliquots 5.25 1.45 4.33 0.75
Median = 5.73 4.7 0.8 5.35 3.71 4.41 0.77
Min = 3.77 3.1 0.5 5.41 1.84 4.46 0.78
Max = 7.00 5.8 1.0 5.59 4.10 4.61 0.80
5.70 0.52 4.71 0.82
S.D. = 0.91 5.75 0.75 4.74 0.83
Standard error = 0.20 5.83 0.40 4.81 0.84
6.06 1.14 5.00 0.87
Random Errors= 16.32 % 6.06 1.31 5.00 0.87
Systematic Error= 6.04 % 6.31 0.84 5.21 0.91
Total Error= 17.40 % 6.33 2.70 5.22 0.91
6.50 1.08 5.36 0.93
Bin Width = 0.50 Gy 6.80 1.56 5.61 0.98
6.87 2.26 5.67 0.99
Overdispersion = 10.0% 7.00 2.30 5.78 1.01
+/-
dose rate= 1.21 0.06 Gy/ka
U = 0.90 0.1 ppm
Th = 3.40 0.3 ppm
K2O = 0.90 0.02 wt. %
Rb2O= 36.2 1.4 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.05 Gy/ka
depth = 15.0 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.50 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
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=KNB021609_1 Qat2 (Qa2) Middle reach Kanab Creek Individual Aliquot Data
USU-519 De (Gy) ± Age (ka) ±
De (Gy) ± Age (ka) ± 1.69 0.59 0.72 0.34
wt Mean = 3.96 1.82 1.69 0.79 1.74 0.31 0.74 0.35
CAM 3.68 1.88 1.57 0.81 2.06 0.12 0.88 0.41
MAM 2.13 0.29 0.91 0.14 2.11 1.28 0.90 0.42
2.33 0.91 1.00 0.46
n (accepted) = 36 Aliquots 2.38 0.62 1.02 0.47
n (total) = 70 Aliquots 2.42 0.28 1.04 0.48
Median = 3.12 1.3 0.6 2.43 0.17 1.04 0.48
Min = 1.69 0.7 0.3 2.67 1.26 1.14 0.53
Max = 4.70 2.0 0.9 2.70 0.99 1.16 0.54
2.92 1.05 1.25 0.58
S.D. = 1.82 2.92 0.55 1.25 0.58
Standard error = 0.30 2.95 1.13 1.26 0.59
2.95 1.70 1.27 0.59
Random Errors= 46.02 % 3.04 0.04 1.30 0.61
Systematic Error= 6.22 % 3.11 0.83 1.33 0.62
Total Error= 46.43 % 3.14 2.13 1.34 0.62
3.27 0.28 1.40 0.65
Bin Width = 0.50 Gy 3.43 1.42 1.47 0.68
3.72 1.90 1.60 0.74
Overdispersion (%) 61.4 3.93 1.01 1.68 0.78
+/- 3.93 1.94 1.68 0.78
dose rate= 2.33 0.10 Gy/ka 4.01 0.26 1.72 0.80
U = 1.20 0.1 ppm 4.03 0.72 1.72 0.80
Th = 3.80 0.3 ppm 4.25 3.09 1.82 0.84
K2O = 2.12 0.05 wt. % 4.45 0.37 1.90 0.88
Rb2O= 75.2 3.0 ppm 4.47 0.25 1.91 0.89
H2O= 3.0 3.0 wt. % 4.70 1.36 2.01 0.93
5.17 1.87 2.22 1.03
Cosmic= 0.11 Gy/ka 5.28 1.71 2.26 1.05
depth = 8.0 m 5.73 1.18 2.45 1.14
latitude= 37 degrees (north positive) 6.07 1.93 2.60 1.21
longitude= -112 degrees (east positive) 6.59 0.78 2.82 1.31
elevation= 1.59 km asl 7.32 1.04 3.13 1.46
Notes: Quartz SAR OSL age 9.14 0.68 3.91 1.82
(following Murray and Wintle, 2000) 9.42 0.59 4.04 1.87
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KNB021709_2 Qat4 (Qa4) Middle reach Kanab Creek Individual Aliquot Data
USU-520
De (Gy) ± Age (ka) ± De (Gy) ± Age (ka) ±
wt Mean = 5.13 1.16 4.68 1.11 3.02 0.41 2.76 0.65
CAM 5.13 1.16 4.67 1.11 3.63 1.20 3.31 0.78
MAM 3.98 0.71 3.63 0.69 3.80 2.12 3.47 0.82
4.06 0.89 3.70 0.87
n (accepted) = 22 Aliquots 4.14 0.91 3.78 0.89
n (total) = 34 Aliquots 4.14 0.67 3.78 0.89
Median = 5.12 4.7 1.1 4.18 1.13 3.81 0.90
Min = 3.02 2.8 0.7 4.48 0.68 4.09 0.97
Max = 7.33 6.7 1.6 4.57 1.78 4.17 0.99
4.61 0.87 4.20 0.99
S.D. = 1.16 4.90 1.10 4.47 1.06
Standard error = 0.25 5.35 0.69 4.88 1.15
5.52 0.80 5.04 1.19
Random Errors= 22.90 % 5.59 1.83 5.10 1.21
Systematic Error= 5.89 % 5.68 2.29 5.18 1.23
Total Error= 23.64 % 5.75 0.24 5.24 1.24
6.07 0.24 5.53 1.31
Bin Width = 0.50 Gy 6.24 0.14 5.69 1.35
6.27 2.27 5.72 1.35
Overdispersion (%)= 29.0 6.78 1.18 6.18 1.46
+/- 6.80 0.24 6.20 1.47
dose rate= 1.10 0.05 Gy/ka 7.33 1.46 6.68 1.58
U = 0.40 0.1 ppm
Th = 1.20 0.2 ppm
K2O = 0.87 0.02 wt. %
Rb2O= 28.7 1.1 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.24 Gy/ka
depth = 1.3 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.59 km asl
Notes: Quartz SAR OSL age (following Murray and Wintle, 2000) 
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Appendix D:  Plates 
